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Noble-metal nanocrystals have received considerable attention in recent years for 
their size and shape dependent localized surface Plasmon resonances (LSPR). Various 
applications based on colloidal nanoparticles, such as surface enhanced Raman 
scattering (SERS), surface enhanced fluorescence (SEF), plasmonic sensing, 
photothermal therapy etc., have been broadly explored in the field of biomedicine, 
because of their extremely large optical scattering and absorption cross sections, as 
well as giant electric field enhancement on their surface. However, despite its high 
chemical stability, gold exhibits quite large losses and electric field enhancement is 
comparatively weaker than silver. Silver nanoparticles synthesized by the traditional 
technique only cover an LSPR ranged from 420~500 nm. On the other hand, the range 
of 500~660 nm, which is covered by several easily available commercial laser lines, 
very limited colloidal silver nanostructures with controllable size and shape have been 
reported, and realization of tuning the resonance to longer wavelengths is very 
important for the practical applications. In this thesis, a systematic study on 
photochemical synthesis of silver nanodecahedrons (NDs) and related nanostructures, 
and their plasmonic field enhancements are presented. 
First, the roles of chemicals and the light source during the formation of silver 
nanoparticles have been studied. We have also developed a preparation route for the 
production size-controlled silver nanodecahedrons (LSPR range 420 ~ 660 nm) in 
high purity. Indeed our experiments indicate that both the chemicals and the light 




between sodium citrate and silver nitrate can help to control the crystal structure 
following rapid reduction from sodium borohydride. Light from a blue LED (465 nm) 
can efficiently transform the polyvinylpyrrolidone stabilized small silver 
nanoparticles into silver NDs through photo excitation. These silver NDs acting as 
seeds can be re-grown into larger silver NDs with LSPR ranging from 490 nm to 590 
nm, upon receiving LED irradiation with emission close to the LSPR of silver ND 
seeds, which are suspended in a precursor solution containing small silver 
nanoparticles. With the aid of centrifugation, silver NDs with high purity can be 
obtained. Furthermore, silver ND with a broad tuning range (LSPR 490 ~ 660 nm) 
can be synthesized from these seeds using irradiation from a 500 nm LED.  
Second, the optical properties of silver NDs and their SERS application for 
sensitive molecular detection are presented. Raman signal obtained from silver NDs 
show remarkable advantage over noble nanoparticles of other shaped, thus revealing 
their strong localized field enhancement. Experimental results demonstrate that 
average enhancement factor from individual silver ND may be as high as 106. In order 
to explore their application for biosensing and bioimaging, stable silica coated SERS 
tags based on silver ND producing high Raman intensity have been studied. Our 
experiment results indicate that 10-8 M 4-MBA in solution can be detected by silver 
NDs modified silicon chip through SERS. Simulation result on the geometry of silver 
ND/silica spacer/gold film/substrate shows that the Raman sensitivity of the NDs 
modified chip can be further improved with the insertion of a dielectric/conductor 




Finally, we present a photochemical method for the preparation of silver 
nanostructures preparation with the use of 633 nm laser. Silver nanostructures 
composed of silver nanoplates could be grown from small silver nanoparticles 
deposited on a glass substrate. The periodicity of the silver nanostructures is several 
micrometers, revealing that this photochemical method has the potential for “writing” 
silver pattern on a solid substrate. Raman spectroscopy has also been explored for 






















粒轉變成納米十面體。如果我們再使用與十面體種子顆粒的 LSPR 接近的 LED
作為光源，並用含有大量的金屬銀納米小顆粒溶液做為前驅液，更大的金屬納米
十面體顆粒（LSPR：490 ~ 590 nm）可以獲得。而另一方面，使用通過離心的方
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Chapter 1. Introduction 
In this chapter, a brief overview on the chemical synthesis of noble (gold and 
silver) nanoparticles and the theoretical background of their localized surface plasmon 
(LSP) is presented. The key steps involved in the chemical synthesis of noble 
nanocrystals, including nucleation, evolution of nuclei into seeds, and growth of seeds 
into nanocrystals, is introduced in the first part. In the second part, the physics and 
several conventional numerical simulation methods for studying plasmonic properties 
of metal nanoparticles is described. In the final part, the contents of this thesis are 
outlined.  
1.1 Chemical synthesis of noble nanoparticles 
Since the first solution-phase synthesis of gold nanoparticles by Michael Faraday 
in 1850’s,[1] different methods have been developed for metal colloids preparation. 
Particularly in the past two decades, the solution-phase methods blossomed and have 
become a powerful approach towards preparing metal nanocrytals with good quality, 
quantity and reproducibility to pave the way for flourishing development of 
nanotechnology and application in various fields. While mastery over the shape of a 
nanocrystal enables control of its properties and enhancement of its usefulness for a 
given application, we would like to review the fundamental knowledge and recent 
progress in shape-controlled synthesis of metal crystals. Because of the limitation of 
this thesis, we mainly focus on two most popular noble metal crystals, silver (Ag) and 
gold (Au). Actually, except for the chemical synthesis method or “bottom-up” 
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approach, “top-down” approach adopting the physical and lithographic principles of 
micro- and nanotechnology can also produce structures in the medium to the 
nanometer size range. In this thesis, we shall focus in the bottom-up approach because 
of its relevance to the theme of this project. 
Actually, most of the chemical reactions involved in synthesis of metal 
nanocrystals are quite simple. However, the nucleation and growth mechanisms inside 
this simple chemistry are extremely complex. And the understanding of complex 
physics behind the formation for a specific shape is still in beginning stage because of 
the lack of simple, non-destructive characterization tools for direct visualization of 
morphology development in reaction medium. However, together with the advances 
in theoretical techniques, the knowledge of crystallography provides us a general view 
of the evolution progress from metal precursor to nanoparticles.  
The colloid-chemical methods of metal nanoparticles preparation basically 
involves (bio)chemical reduction of metal salts, photochemical and electrochemical 
pathways, or sonochemical/thermal decomposition of metallic compounds in aqueous 
or organic solvents in the presence of a variety of additives such as surfactants, 
ligands, polymers, etc. Silver nitrate and chloroauric acid are the mostly used metal 
salts for the growth of silver and gold nanoparticles. A broad range of reducing agents 
have been used in colloid synthesis of metal nanoparticles, such as H2 or hydrazine, 
hydroxyl amine, hydrides (e.g., NaBH4), ascorbic acid or ascorbate, citric acid or 
citrate, oxidizable polymers (e.g., PVA) and solvents (such as alcohols, aldehydes, 
and DMF), etc., at room or elevated temperature which depends on the reduction 
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potential of metal precursor and reducing agent systems. Also, various surfactants 
(e.g., CTAB, sodium dodecyl sulfate), polymers (e.g., PVP, PVA), foreign ions, (e.g., 
Ag+, Cu2+, Cl-, Br-, I-), ligands (e.g. inorganic ions, thiols, amines) are used in 
different reaction medium, which can decrease the total surface area and energy and 
stabilize the nanoparticles against aggregation. Actually, metal precursors, reducing 
agents and capping agents are all play important roles in morphology control over 
silver and gold nanoparticles. For example, Xia et al. found that fresh prepared silver 
nitrate solution contains trimeric clusters in the forms of positively charged (Ag3 +) or 
neutral (Ag3), which will benefit the formation of triangular shaped silver 
nanoparticles during their growth.[2] On the one hand, reducing agents will affect the 
nucleation and growth as well as stabilization of nanoparticles during the reduction of 
metal ions.[3-6] It is believed that mild reducing agent prefers the formation of 
anisometric nanoparticles.[7] On the other hand, capping agents can change the 
relative metal deposition rates of different facets through the interaction between 
capping agents and facets, which consequently change the morphology of metal 
nanoparticles.[8-10] By careful selection of different chemicals, people have already 
successfully synthesized silver and gold nanoparticles with different sharps, such as 
nanocubes,[11-16] nanorods,[17-19] nanowires,[19-21] nanodumbells,[22, 23] 
decahedra,[24-26] icosahedra,[27-29] tetrahedra,[30, 31] octahedra,[32, 33] 
prisms,[34-36] pyramids,[37] stars,[38, 39] multipods,[40] nanocages,[16] striped 
particles,[41] tadpoles,[42] tubular,[43] and so on.[44-47] 
In order to understand the evolution of metal nanoparticles during growth or how 
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metal precursors are reduced and regrown to a specific shape, we have to know the 
mechanism comprehensively. In a typical synthesis, three distinct stages can be 
roughly divided: 1) nucleation, 2) evolution of nuclei into seeds, and 3) growth of 
seeds into nanocrystals.  
1.1.1 Nucleation 
The first stage for very crystallization process is nucleation, and nuclei play the 
most important role in directing the assembly of atoms into nanocrystal. Despite the 
difficulties to precisely examine, understand and control this process due to the small 
sizes of nuclei and lack of experimental tools to capture, identify, and monitor the 
growth in situ, researcher continue their attempt, explore new ground using different 
approaches, molecular dynamics have also help us understanding various processes. 
For example, sophisticated mechanisms have been developed and refined to simulate 
and explain for the nucleation process.[48] A block model built from atomic clusters 
(e.g., colloidal nanospheres) also have been applied to study nucleation and 
crystallization.[49] With the aid of scanning probe microscopy (SPM), nucleation 
process can be monitored in vapor or liquid phase with notable spatial and temporal 
resolution.[50-53] Although results from this approach are not perfect, as it involves 
additional parameters (e.g. substrate and physical tip) are actually not present in the 
actual nucleation. Also, organometallic chemists have been using dedicated synthetic 
methods to prepare metal clusters containing a specific number of atoms and to 
crystallize the clusters into larger crystals, whose 3D structures can be precisely 
determined by X-ray crystallography.[54] 
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It is well known that in a typical metal nanoparticles preparation process, 
precursor containing metal salts is either reduced or decomposed to produce 
zerovalent atoms which are the basic building blocks for metal nanocrystal growth. 
The nucleation procedure is quite different based on their routes to produce zerovalent 
atoms, e.g. decomposition route and reduction route. For the decomposition route, 
nucleation is believed to obey the mechanism proposed by LaMer and co-workers as 
shown in Figure 1-1.[55] For most of the silver and gold nanoparticle synthesis cases, 
silver and gold salts are reduced into zerovalent atoms by reducing agents. During 
metal nucleation stage, atoms (formed via reduction of metal precursors) or the 
combined atom–metal precursor systems assemble to form clusters such as dimers, 
trimers, tetramers, etc., in solution. 
 
Figure 1-1 Plot of atomic concentration evolution against time, indicating the generation of atoms, 
self-nucleation, and further growth.[55] 
1.1.2 Evolution from Nuclei to Seeds 
After a period of nucleation, the cluster will grow into a critical size, when 
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structural fluctuations become so energetically costly that the cluster becomes locked 
into a well-defined structure. This critical point indicates the birth of a seed. And the 
structures of seed hold important position in shape evolution of nanocrystal. Single 
crystal, single twinned and multiply twinned structures are observed in silver and gold 
seeds, and all of these may co-exist in a typical synthesis. Figure 1-2 is a summary of 
different seed structures and their possible nanocrystal structures evolving from seeds. 
Consequently, improving the ratio for a specific seed structure over others becomes 
the key step for precise shape controlled nanocrystal synthesis. So how can we control 
and manipulate the population of seeds during a synthesis? 
 
Figure 1-2 Reaction routes that produce fcc metal nanocrystals with different shapes. First, the nuclei 
(small clusters) are formed after reducing or decomposing the metal precursor. When the nuclei reach 
to a certain size, they become seeds with a single-crystal, singly twinned, or multiply twinned structure. 
And plate-like seeds will be generated because of the stacking faults. The green, orange, and purple 
colors represent the {100}, {111}, and {110} facets, respectively. Red lines represented the twin planes. 
Chapter 1. Introduction 
- 7 - 
 
R is defined as the ratio between the growth rates along the <100> and <111> directions.[56] 
Generally, the formations of seed structures are mainly governed by 
thermodynamic mechanisms related to the free energies of different species, and 
kinetic effects related to the generation or addition metal atom to a nucleus. Apart 
from these two effects, the introduction of additional chemicals, such as oxidative 
etching ions, will also affect the ratio of different seed species, which can help to 
control the seed structure by careful selection and addition of the chemicals. 
Thermodynamic Control 
Because of growth thermodynamics, the largest proportion of the product should 
be the most stable one, whose formation is considered to obey Wulff’s theorem. 
According to Wulff’s theorem, the less total interfacial free energy of a system with a 
given volume the more stable for the system. For an fcc structure, the energy 
sequence for different face is calculated as follows: γ{111} < γ{100} < γ{110}  (γ 
defines the surface free energy on a specific crystal facet), which implies that 
octahedral or tetrahedral with {111} facets outside should be most stable structures for 
single crystal seed to minimize the total surface energy. However, the surface area of 
such structure is large compared to that of a cube for a given volume. Consequently, 
single-crystal seeds are expected to exist as truncated octahedrons (or Wulff 
polyhedrons) enclosed by a mix of {111} and {100} facets, which also is 
experimentally observed.  
While for the singly and multiply twinned seeds containing more than one twin 
defect (a single atomic layer acting as a (111) mirror plane) have been also observed. 
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These twinned seeds also express {111} and {100} facets to lower the total interfacial 
free energy.  
Kinetic Control 
Given that the populations of different seeds are not controlled by 
thermodynamics alone, kinetics control which can be experimentally manipulated 
offers people opportunity to improve the output for a specific shape nanocrystal. For 
the small size multiply twinned seeds, the extra energy brought by twinned defect can 
be balanced by maximizing {111} facets to lower the total free energy. However, 
theoretical analysis indicates that multiply twinned seeds should be confined to 
relatively small size to increase their yield, otherwise the low surface energy of {111} 
facets can no longer remedy the excessive strain energy if the seed grow too rapidly, 
resulting in their transformation into single crystals.[57-61] So, slowing down the 
reduction rate of precursor can help to increase the amount of multiply twinned seeds. 
Also, singly twinned seeds will appear under the same reaction but with less quantity 
because of the presence of {100} facets with higher energy. And if the reduction rate 
is considerably slow, random hexagonal close packing (rhcp), together with the 
inclusion of stacking faults will appear.[62] In conclusion, kinetically controlled 
growth of seed structures can be achieved by: 1) substantially slowing down precursor 
decomposition or reduction,[63, 64]  2) using a mild reducing agent,[65-67] 3) 
coupling the reduction to an oxidation process,[68] or 4) taking advantage of Ostwald 
ripening.[69, 70] Moreover, the metal atoms in solution should be kept at relatively 
low concentration to avoid the growth of nuclei auto-catalytically into polyhedral 
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Apart from the above two mechanisms, the use of oxidative etching in which 
metal nanoparticles are oxidized back to ions, can further control the distribution 
between singly crystal and twinned seeds.[71] Together with the ligand for metal ion, 
O2 which is present in most reaction solution throughout the process will result in a 
powerful etching to both nuclei and seeds. While for the twinned seeds, their defect 
zones have much high energy than the single-crystal regions and are more unstable to 
an oxidative environment. That can bring oxidative etching to the twinned seeds with 
their atoms being attacked, oxidized, and dissolved back to the solution. Through this 
way, the seed ratio containing different crystal types in the reaction solution can be 
manipulated with good control. For example, in a polyol synthesis of Ag nanocrystals, 
all twinned seeds can be eliminated from the solution by adding a trace amount of Cl- 
to the reaction,[71] while less corrosive Br- can only remove the multiply twinned 
seeds, leaving a mixture of single-crystal and singly twinned seeds in the 
solution.[72-74]  
1.1.3 Evolution from Seeds to Nanocrystals 
Seeds will be further enlarged to nanocrystals with the deposition of metal atoms 
on the surface. It is believed that when atoms are added to a surface, the adatoms will 
diffuse around on the surface until they meet a step site where they can be 
incorporated according to chemical deposition studies. From the viewpoint of energy, 
the overall growth of a crystal can be dynamic controlled through the competition 
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between a reducing in bulk energy (growth is favored) and an increment of surface 
energy (dissolution is favored). Actually, the final shape of a nanocrystal is mainly 
determined by the internal crystal structure of the seed (or, the amount of twinned 
defects contained) and the binding affinity of the capping agent. 
As the binding affinity of a capping agent can vary from one crystal facet to 
another, capping agents can inhibit the incorporation rate of growth units onto the 
particle surfaces, change the surface free energies of different facets, and, thereby, 
change relative growth rates of the facets through the interactions with metal 
nanoparticle surfaces.[8, 10] That can help to grow the nanoparticles into different 
shapes by suitable selection of capping agents.  
For example, PVP, a polymeric capping agent, preferential binds to the {100} 
facets of Ag by the oxygen atoms in it,[75] which can drive the addition of metal 
atoms to the other crystal facets when crystal seeds are suitably large. Thus, for 
single-crystal seeds enclosed by only {111} and {100} facets, metal atoms selectively 
deposit on the poorly passivated {111} facets. These atoms would then migrate to the 
face edges, following an elongation of the {100} facets. Silver nanocubes with edge 
length >25 nm are consequently formed.[76, 77] With a similar effect, bromide ions 
can also exclusively adsorb onto the {100} facets of Ag and Au nanocrystals with 
their size <25 nm. Smaller nanocubes, rectangular nanobars, and octagonal nanorods 
would be the major product.[56] Similarly, five twinned seeds will grow into 
nanorods or nanowires with a pentagonal cross section if their side {100} surfaces can 
be stabilized by Br- or PVP.[75, 78] For singly twinned crystal seeds, bipyramids or 
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nanobeams will form if their {100} surfaces can be stabilized by Br- or PVP.[78, 79] 
For citric acid, the energy released by binding to Ag(111) was calculated to be 13.8 
kcal/mol compared to 3.7 kcal/mol for a Ag(100) surface,[80] thus favoring the 
formation of octahedrons, icosahedrons, and decahedrons.[81-83] 
With the help of electron microscopy, a correlation between the initial seeds and 
final nanocrystals has been established for fcc nanocrystals (e.g. silver and gold) as 
shown in figure 1-2. Generally, octahedrons, cuboctahedrons, or cubes will grow from 
single-crystal seeds owing to the different growth rates along the <111> and <100> 
directions.[8] Cuboctahedron and cube would further enlarged into octagonal rods and 
rectangular bars once uniaxial growth is brought in.[56] For singly twinned seeds, 
right bipyramids surrounded by {100} facets will be produced.[78, 79] Even 
nanobeam may be produced when uniaxial growth is activated.[84] From multiply 
twinned seeds, icosahedra, decahedra, and pentagonal nanorods (or nanowires) can be 
produced,[56, 85-90] depending on whether there are surfactants stabilized on {100} 
planes.[75] Finally, stacking faults contained seeds may evolve into nanoplates 
enclosed by {111} facets on top and bottom, and a mix of {100} and {111} facets on 
the side surfaces.[62-68] Because of the six-fold symmetry of an fcc system, these 
seeds typically become thin plates with a hexagonal cross-section and finally evolve 
into a triangular shape by eliminating the {111} facets from the side surfaces. 
A twin defect is a mirror image created by stacking faults, which commonly 
occur in hexagonal close-packed lattices with six-fold symmetry. Silver and gold both 
have the lowest energy barriers for incorporating stacking faults, so planar defects can 
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be readily included in their crystals, and these plane defects can introduce 
self-propagating ledges which can serve as active sites for crystal growth according 
simulation.[91-93] Hence, hexagonal plates can grow in the early stage of growth of 
seeds with a single planar defect (e.g., a twin or a stacking fault) because of the 
six-fold symmetry of fcc lattice. Lofton and Sigmund proposed that the six side faces 
of hexagonal plate are formed by alternating concave- and convex-type surfaces as 
shown in figure 1-3 (a).[93] The stabilization energy for attaching atoms to 
convex-type surface is relatively low as each atomic site only has three nearest atomic 
neighbors on this surface. Comparing to the concave-type surface where a reentrant 
groove is formed, a self-perpetuating ledge would increases the number of nearest 
neighbors for an adatom and thus the stabilization energy. Consequently, fast addition 
of metal to the concave sides can lead to a triangular plate, while leaving the side 
faces bounded by three convex sides less favorite for atomic addition. Also, the 
preferable growth on the concave facets over convex facets can be explained by using 
the concept of chemical potential which is defined as the Gibbs free energy per atom. 
Using the Gibbs-Thomson equation, ∆μ = γΩ(1/R1 + 1/R2), where R1 and R2 are 
two principal radii of curvature, ∆µ is the change in chemical potential, and Ω is the 
atomic volume, the chemical potential of an atom on a convex surface is higher than 
that on a flat surface as the curvature for the surface is positive, while the chemical 
potential is quite low on a concave surface. So, atomic addition will more occur on 
concave-type sides which have the lowest chemical potential. 
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Figure 1-3 (a) Hexagonal plate with a singly twinned plane containing concave-type (A) and 
convex-type (B) faces. (b) Decahedron seed (left) and five-fold twinned rod (right). The green and 
orange colors represent {100} and {111} facets, separately. Twin planes are outlined with red lines.[93] 
For the growth of silver nanorod with five twinned defects, it has been proposed 
that should be grown from decahedral seeds along the direction parallel to the twin 
planes (Figure 1-3 (b)). The reason for the decahedral seeds to grow into nanorod 
rather than larger size nanodecahedron can be attributed to the lattice strain which will 
be extremely high when the atoms in a decahedron are located far from the central 
axis and inhibit lateral growth of the seed. The absorption and stabilization on the 
newly formed {100} faces is also quite important for this type of growth. 
Epitaxial growth 
For an epitaxial process, the added metal atoms continue with the same crystal 
structure as the seed during crystal growth, which can be achieved both when seed has 
the same and different chemical identity as the growth atoms. Epitaxial growth 
happened between seeds and added atoms with chemically different while less lattice 
mismatch, is more accurately named as heteroepitaxial growth. This kind of growth 
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increases the complexity of nanomaterials with multimetallic nanostructures, such as 
core–shell, multisegment structures, which gives rise to novel collective properties of 
various metals. Figure 1-4 shows examples of epitaxial-growth modes of 
heterogeneous structures for binary-metal core/shell nanoparticles starting from an 
octahedral and a truncated bitetrahedral Au core. 
 
Figure 1-4 Schematic illustration of different epitaxial-growth modes observed in heterogeneous metal 
core–shell nanoparticle formations. (a) Two typical epitaxial-growth modes (namely, Frank–van der 
Merwe and Volmer–Weber modes) of heterogeneous metal core-shell nanoparticles starting from an 
octahedral Au core.[14] (b) Illustration of a truncated bitetrahedral Au seed (a thick triangular Au 
nanoplate) evolving into a bitetrahedral Au@Ag core–shell nanocrystal and decahedral Au@Ag 
nanocrystals mechanism.[94] 
1.2  Theoretical background of localized surface plasmon (LSP) 
Compared to surface plasmon polaritons (SPPs), which are dispersive 
electromagnetic waves coupled to the electron plasma of a conductor and propagating 
at the interface with dielectric, localized surface plasmons (LSPs) on the other hand 
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are non-propagating excitations of the conduction electrons of metallic nanostructures 
coupled to the electromagnetic field. Without adopting any phase-matching technique 
which is necessary for SPP excitation, localized surface plasmons can be easily 
excited by directly light illumination because of the curved surface on the metallic 
nanostructures. In order to understand the physics of localized surface plasmons, we 
have to evaluate all the parameters for the material firstly, especially its dielectric 
constant. Then Maxwell’s equations and electrodynamic theory for calculating the 
optical responses of metal nanoparticles will be discussed in this chapter. Finally, 
several numerical simulation methods for studying the plasmonic properties of metal 
nanoparticles, such as the frequency of the absorption maximum, the height of this 
maximum and the width of the peak, will be introduced. 
1.2.1 Determination of the dielectric constant 
In order to determine the dielectric constant of metal nanoparticles, the 
expression of the dielectric constant of the bulk metal should be known firstly. This 
value can be obtained phenomenologically or with the help of electrostatics[95], 
where the Drude theory is used. Actually, the Drude calculation provides an insightful 
view of the motion of electrons in metals, which is believed to be the essence of 
plasmon absorption. In the Drude model, the conduction electrons are considered as 
free and independent. The motion of the whole electron cloud is assumed to be the 
sum of the motion for the individual electrons: the coupling between them is thus 
considered as maximum, electrons acting all in phase.[96] Equation (1.1) describes 
the motion of electrons under an external field, where me is the effective mass of the 
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electron which taking into account the presence of a positively charge background, v 
is the electron speed and e the charge of the electron:  





                                           (1.1) 





                                      (1.2) 
The second term is a viscous friction due to free electron inelastic collision and 
electron phonon coupling, defects, impurities, etc.[97] τ is the relaxation time which 
characterizes this collision and coupling prosess, 𝑝 and m is the momentum and 
mass of the electron. The right side of equation (1.2) is the force due the electric field, 
while the force generated by magnetic field is negligible comparing to the electric 
field. For the electric field associated with optical excitation, E(t)��������⃑ = E0����⃑ e−iωt . Then 
𝑣 should be also sinusoidal (𝑣 = 𝑣0����⃑ 𝑒−𝑖𝜔𝑡), and the solution to equation (1.2) is a 
time-harmonic steady-state solution,  
2 xmx im eEω ω
τ
− − = −
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The dielectric function 𝜀𝑟 can be expressed as, 
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We assume 𝜔𝑝 = �𝑛𝑒2𝜀0𝑚, which are the plasma frequency of the bulk metal, and 
𝛾 = 1
𝜏










                                               (1.7) 
In real cases, two modifications to the above expression are necessary as the 
positive-ion background will not only act as scattering centers, but also produce a 
periodic potential to the electrons, which leads to different energy band structures to 
the metals. First, the electron mass should be replaced by effective mass (m*), as the 
conduction electrons are mainly s band electrons. Second, the occupation of d band, 
which is close to the Fermi surface, brings a highly polarized environment and lead to 
a residual polarization background. Hence, background dielectric constant, ε∞, is 











                                              (1.8) 
and, 𝜔𝑝 = �𝑛𝑒2𝜀0𝑚                                                (1.9) 
Table 1-1 lists the parameters (effective mass, background dielectric constant, 
and the relaxation constant) for several common metals, which are acquired by fitting 
the Drude model to experimentally data.[98-100] 
 Au Ag Cu 
m*(me) 0.99 0.96 1.49 
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𝜀∞ 9.5 5. 0  
( )meVγ  69 99 96 
( )p eVω  9.1 9.5 8.8 
n (1028 cm-3) 5.9 5.76 8.45 
Table 1-1 Electron and Plasmon properties for three common noble metals. 
The Drude model presented above is suitable for the bulk materials, where the 
boundary effects have been neglected. However, when metal shrinks to the degree of 
mean free path of the electrons, e.g. 38 nm for gold and 52 nm for silver, the electrons 
would be significantly scattered by the metal surface. Therefore, electron scattering by 
surface will contribute the relaxation rate by adding a correction term: 
0( ) /FR Av Rγ γ= +                                             (1.10) 
where 𝛾0 is the free electron relaxation rate, vF is the Fermi velocity (typically 
1~2 nm/fs for most metal at room temperature), R is the radius of particle, and A 
(typically in the range of 0~1) represents the loss of coherence because of scattering. 
And if we further shrink the metal nanoparticle to several nanometers, this classical 
description of dielectric function would be inapplicable, as the quantum effect will 
take place and the energy band will also split.  
Figure 1-5 is the dielectric functions of gold and silver plotted from experimental 
data comparing with the curve calculated by Drude model using the parameters in 
table 1. As shown in the figure, the real part of dielectric function for both metals 
calculated by Drude model fit quite well with the experimental data through the whole 
energy band. For the imaginary part, deviations from experimental data happen when 
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energy above 2 eV for gold and 4 eV for silver.  
 
Figure 1-5 Dielectric functions of gold and silver. Real part for (a) gold and (c) silver, imaginary part 
for (b) gold and (d) silver. The experimental data are indicated in circles,[100] and the solid curve is 
dielectric function calculated by Drude model. 
A Lorentz oscillator model, a classic theory to describe the optical properties of 
matter, was adopted to solve these deviations. For an oscillator with mass m and 
charge e under an electric field: 
'' '2
0( )mx eE t m x m xω γ= − − −
   
                                     (1.11) 
where 𝜔0 is the resonance frequency, 𝛾 is the relaxation constant, which is 









                                          (1.12) 
As there are more than one interband transition involving different energy bands, 
the solution should the sum of each transition in order to accurately model the 
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Experimental data have been proven to be fit well with the dielectric functions of 
silver and gold using both the Drude model and Lorentz model.[101-104] 
1.2.2 Maxwell equations 
The Maxwell equations (eqn (1.14) – (1.19)) describing the propagation of an 
electromagnetic wave in a macroscopic metal system which is composed of many 
atoms and quantum effects can be neglected.  
D ρ∇• =









                                                (1.15) 
0B∇• =
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                                               (1.17) 
and, 
0 0 0 0e rD E P E E Eε ε ε χ ε ε= + = + =
     
                              (1.18) 
0 0 0 0( ) ( ) (1 )M M MB H M H H H Hµ µ χ µ χ µ µ= + = + = + =
      
             (1.19) 
In equations (1.18) and (1.19), the phenomenological parameters εr and μM are 
defined as the relative electric permittivity and magnetic permeability respectively, 
which present the properties of medium materials. The equations above can be 
simplified stating: 𝜌 = 0 (as there is no charge accumulation in the metal) and 
𝑀��⃑ = 0 (no magnetization is retained for the medium in most case). By combining the 
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Given that the Maxwell’s equations are linear, and any field can be decomposed 
into its plane wave Fourier components, the solution to equation (1.20) and (1.21) can 
be consider to be time-harmonic, assuming that both 𝐸�⃑  and 𝐻�⃑  own a time-harmonic 




















                                          (1.23) 
In principle, understanding localized surface plasmon of different metal 
nanoparticles can be considered to find the solution of equation (1.22) and (1.23), 
combining with different dielectric constants and boundary conditions.  
1.2.3 Quasi-static approximation 
The interaction nanoparticle and electric field can be analyzed by using a 
quasi-static approximation,[105] where we assume the particle diameter is much 
smaller than the light wavelength in surrounding environment. Under this assumption, 
the phase of the harmonically oscillating electromagnetic field can be considered to be 
constant over such small particle volume. The solution of spatial field distribution 
around the particle would be the same as the case of a particle in an electrostatic field, 
and the time harmonic dependence can be obtained from the sum of solution once the 
field distributions are known. In the electrostatic approach, finding the solution of 
Laplace equation for potential (𝛻2∅ = 0) would be of great interest. Combining the 
boundary conditions, the scattering, absorption, and extinction cross sections of a 
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ext sca absC C C= +                                               (1.26) 
where k is the wave vector of incident light and α stands for the polarizability of 











                                              (1.27) 
Despite the simplicity of this approximation, the optical properties of spherical 
nanoparticles with diameter below 100 nm have been fully described. 
1.2.4 Gans Theory 
Based on the quasi-static approximation, Richard Gans developed his approach 
to solver the wave equations for ellipsoidal particles.[106] The polarizability along 














                                      (1.28) 
where a, b, c are the three semi-major axes of the spheroid, and Li is the 
geometrical depolarization factor for axis i. The value of Li can be calculated through 
the equations below: 
1 2
02 ( ) ( )
abc dqL
a q f q
∞
=
+∫                                          (1.29) 
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2 2
02 ( ) ( )
abc dqL
b q f q
∞
=
+∫                                         (1.30) 
2 1 21L L L= − −                                                 (1.31) 
2 2 2 1/2( ) [( )( )( )]f q q a q b q c= + + +                                 (1.32) 
Consequently, the scattering, absorption, and extinction cross section of the 
along different axes can obtain as below: 
4
2
, 6sca i i
kC α
π
=                                                (1.33) 
, Im( )abs i iC k α=                                                (1.34) 
, , ,ext i sca i abs iC C C= +                                             (1.35) 
Using this theory, plasmonic properties of ellipsoids (a=b<c) and oblates (a=b>c), 
which can be regarded as nanorods and nanodisks, have been calculated.[21, 107-109] 
However, Gans theory becomes inapplicable. When the particles size is large as the 
quasi-static approximation will no longer work. For the larger size nanospheres (>100 
nm) and even complex nanoparticles, such as nanotriangles, nanocubes, 
nanobipyramids etc., Mie theory and a number of numerical methods should be used.  
1.2.5 Mie theory 
In 1908, Gustav Mie developed an excellent solution for the scattering and 
absorption by a homogeneous and isotropic sphere (of any diameter) in a 
homogeneous medium under the radiation of a plane wave with specific frequency 
and polarization. After then, this approach was named Mie theory,[110] which starts 
from the two basic electromagnetic wave functions (equations (1.22) and (1.23)). It 
supposes the radius of sphere to be a, and the refractive index of metal sphere and 
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environment media to be n and nm respectively. The incident electromagnetic field, 
scattered field and the field inside the sphere are first expanded into infinite series of 
vector spherical harmonics with unknown coefficients. Then, these coefficients can be 
determined by fulfilling the boundary conditions on the sphere surface. Finally, the 
near-field, far-field and the angular distribution of the scattering can be obtained. 
Specifically, the absorption, scattering and extinction cross section can be expressed 
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= + +∑                                   (1.37) 
abs ext scaC C C= −                                               (1.38) 
k is the wave vector defined as 𝑘 = 2𝜋𝑛𝑚
𝜆
. The coefficients an and bn can be 
calculated based on the following expression: 
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= =                                                   (1.42) 
The function 𝜓𝑛(𝜌) and 𝜉𝑛(𝜌)  are related to the Riccati-Bessel functions 
through 
( ) ( )n njψ ρ ρ ρ=                                               (1.43) 
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(1)( ) ( )n nhξ ρ ρ ρ=                                               (1.44) 
Practically, the infinite sum of equations (1.36) and (1.37) are usually truncated 
to a particular n value, which is decided by the radius of the sphere. For the large size 
sphere particles, higher order terms should be also included. For example, gold 
nanoparticle with 200 nm in diameter shows a dipole mode at 780 nm and a quadruple 
mode at 560 nm. 
1.2.6 Numerical methods 
The theoretical treatments presented above are easily applicable to spherical 
particles with any size and ellipsoidal particles within a specific size. In the present 
experiments, a large amount of noble metal nanoparticles with different sizes and 
shapes, including some complex structures, have been successfully synthesized. 
Consequently, various methods for understanding their optical properties are of great 
interest. Thanks to the development and improvement of computing techniques, 
various numerical methods have been developed. Among them, discrete dipole 
approximation (DDA) and the finite difference time domain method (FDTD) have 
been employed extensively.  
Discrete dipole approximation (DDA) 
The idea of DDA was first introduced by DeVoe in 1964,[112] and later further 
improved by Purceel and Pennypacker in 1973 to include the retardation effects,[113] 
which help to extend the investigation objectives, such as the particles larger than the 
incident light wavelength. In DDA, the whole particle and its environment are divided 
into elementary cubic volumes, which can be considered as dipoles and are 
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characterized by position rj (j=1 ,…, N) and complex polarizability 𝛼. The dipole 
moment Pj at each position rj induced by the local electric field, Eloc,j is 
,j j loc jP Eα= ⋅                                                  (1.45) 
As the local electic field is the total effect of the incident wave Einc,j and the other 
N-1 dipoles, then, 
, ,loc j inc j jk k
k j
E E A P
≠
= −∑                                          (1.46) 
where AjkPk is the electric field at position rj induced by the dipole Pk at rk. The 
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In the above equation, 𝑘 = 𝜔/𝑐, 𝑟𝑗𝑘 = �𝒓𝒋 − 𝒓𝒌�, ?̂?𝑗𝑘 = (𝒓𝒋 − 𝒓𝒌)/ 𝑟𝑗𝑘, and I3 is 
the 3×3 identity matrix. Ajj is defined as 𝐴𝑗𝑗 = 𝛼𝑗−1. Consequently, the scattering 
problem can be simplified to finding the polarizations {Pj} which satisfy a system of 
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Then the extinction and absoption cross sections can be calculated from the 
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∑                        (1.50) 
sca ext absC C C= −                                               (1.51) 
DDA method is largely dependent on linear algebra and redundant calculations 
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have to be performed in order to solver equations (1.49)-(1.51), which is thought to be 
the major drawback of this method. In order to improve the accuracy of the 
calculations, people often try to increase the numbers of dipoles consisted of the 
object, which will obviously bring even more calculations.  
Finite difference time domain (FDTD) method  
FDTD, first developed by Yee in 1966,[114] relies on the use of a discrete 
mapping of the space to resolve the Maxwell Curl equation (1.15) and (1.17) 
replacing all the derivatives by finite differences, including the time differences. This 
method has been broadly adopted for the study of the near and far field 
electromagnetic responses both for metal and dielectric structures of any geometry. 
Figure 1-6 shows a typical grid, or Yee cell, with (i, j, k) representing a specific grid 
point in the three dimensional space. 
 
Figure 1-6 Schematic showing a Yee cell used in FDTD simulations. This figure is adapted from ref. 
[115]. 
The one-dimensional Maxwell Curl equation, taking the z component as example, 
can be expressed in the form of 
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In the above equations, k represents the spatial coordinate and n denotes time 
point. As shown in equations, both of the electric and magnetic unknown are 
dependent on its spatial and temporal neighbors. So it becomes straightforward to 
solve these equations iteratively if given the initial field distribution. The calculation 
accuracy greatly relies on the setting of grid size and time step. Generally, the grid 
should be fine enough to describe the smallest spatial features of objects and to 
support the wavelengths of interest. On the other hand, the time step must be 
sufficiently small that does not to violate causality.[116] As the information can be 
transported from one to the next grid cell in a time step, the time step should be small 
enough that this information travels slower than the speed of light in that medium. 
Finally, the frequency related properties (scattering and absorption spectra) can be 
obtained by Fourier transformation and monitoring the flow energy flux through 
certain surfaces in the simulation area. Several famous literatures have provided the 
detail information and techniques in FDTD.[114-119]  
The past 20 years have witnessed nearly exponentially increasing of the user 
number for FDTD in different areas as well as nontraditional electromagnetics-related 
areas such as photonics and nanotechnology. There are several advantages for this 
broad interest in FDTD: (1) it can calculate the electrodynamic responses of any 
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structure if given their dielectric function. (2) It is fully explicit and no linear algebra 
is used, which can help to reduce the computational load needed for solving a 
particular problem. (3) It is possible to observe the electromagnetic field distribution 
at any time of the simulation because of the time-matching aspect of this algorithm.  
1.3  Structure of this thesis 
My research mainly focuses on the synthesis of silver nanodecahedrons and 
related nanostructures through photochemical method, and their applications in 
surface enhanced Raman scattering (SERS).  
Chapter 2 will give a brief review on the optical properties of colloidal noble 
nanoparticles and their applications in biomedical areas. 
Chapter 3 mainly describes the preparation method for silver nanodecahedrons, 
as well as various factors that would affect the formation of silver nanodecahedrons. A 
pathway for preparation of size-controlled silver nanodecahedrons with high purity is 
presented.  
Chapter 4 presents the electric field enhancement assessment of the silver 
nanodecahedrons and their applications for SERS. A general scheme on preparing 
silica coated SERS tags generating high Raman intensity is introduced. Both of 
experiment and simulation results on silver nanodecahedrons modified chips indicate 
their potential for sensitive molecular sensing application. 
Chapter 5 presents our primary experimental results on photosynthesis silver 
nanostructure on solid substrate. Raman spectroscopy is also explored to monitor the 
growth of silver nanostructures and their “hotspot” formation. 
Finally, conclusion and outlook will be given in chapter 6.
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Chapter 2. Optical properties of noble nanoparticles and 
their biomedical applications 
2.1  Introduction 
Colloidal gold and silver nanoparticles exhibit unique optical properties, as seen 
from their extinction spectra (absorption and scattering spectra) in UV-vis-NIR 
spectral range, on account of their localized surface plasmon resonance (LSPR). 
LSPR depends primarily on size, shape, composition, and environmental medium of 
the nanoparticle. Also, the electromagnetic field around the nanoparticle is spatially 
confined at the metal dielectric interface when excitation of its LSPR and this 
confined electric field is several orders stronger than the incident light. With the 
blooming development of nanotechnology, nanoparticles with a wide range of sizes 
and shapes noble have been synthesized through different methods, and various 
applications have been explored based on the properties of large 
surface-area-to-volume ratio and the spatial confinement of electrons, phonons, and 
electric fields in and around these particles. In this chapter, we first summarize the 
optical properties of noble nanoparticles. Then several prominent biomedical 
applications of noble nanoparticles are reviewed. 
2.2  LSPR of nanoparticles with different shapes and different material 
composition 
Colloidal noble nanoparticles initially recognized by human are of spherical 
shapes, while they are found to be the mixture of sphere-like with different internal 
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structures, such as single crystalline, singly twinned, multiply twinned with angular or 
parallel twin crystal. Generally, nanospheres with relatively small size possess single 
peak of their extinction spectra which is due to the dipole excitation. As the size of 
nanosphere increases, the contribution of high order excitation (i.e. quadrupolar and 
octupolar) will introduce more peaks to the extinction spectrum and the extinction 
peak will experience a red-shift compared to small nanosphere. Also, the LSPR peak 
width will increase due to the merging of interband transitions and higherorder 
(nondipole) plasmon modes.[120] Apart from nanosphere, the properties of excitation 
of high order modes, red shift and broadening of the LSPR peak with increasing 
particle size will also be applicable to other nonspherical nanoparticles.  However, 
the tunable LSPR range of nanosphere is quite narrow. For example, the LSPR 
wavelength for gold nanosphere can only be tuned by ~ 60 nm through varying the 
particle size between 10 and 100 nm.[120] 
Nonspherical nanoparticles, on the other hand, offer the possibility of tuning the 
optical properties over a broad spectral range. Nanorod usually exhibits two extinction 
peaks in the vis–NIR spectral range. Theoretical studies and optical polarization 
measurements proved that the band at a smaller wavelength could be attributed to a 
transverse LSPR mode, which is polarized across (corresponding to electron 
oscillation perpendicular to) the long axis of the nanorod. For the band at a longer 
wavelength, it can be assigned to a longitudinal LSPR mode, which is polarized along 
(parallel to) the long axis. And the longitudinal LSPR peak is very sensitive to the 
aspect ratio (length/diameter) of the nanorod and red-shifts to longer wavelength with 
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increasing aspect ratio. Metal nanoprisms can also be tuned with a broad spectral 
range through varying their geometry, i.e., lateral size, thickness, and degree of corner 
truncation. The optical spectra of nanoprisms show two in-plane resonance bands (one 
each due to dipole and quadrupole oscillations) and two out-of-plane resonance bands: 
an out-of-plane quadrupole resonance band and a small shoulder due to out-of-plane 
dipole resonance.  
For metal polyhedral nanoparticles (i.e. tetrahedrons, cubes, octahedrons, 
cuboctahedrons, icosahedrons, decahedrons), they have been successfully synthesized 
with different size ranges. Table 2-1 provides a general summary of the shapes, LSPR 
extinction peaks of silver and gold nanostructures. Including nanoprisms, the optical 
properties of polyhedral nanoparticles can be affected by the degree of their corner 
truncations. Generally, structures with rounded corners have blue-shifted peaks when 
compared to sharp structures of similar sizes. Also, the number of resonance peaks 
increases with decreasing symmetry of the nanostructures. Additional peaks arise 
because of the lower symmetry of a polyhedral nanoparticle relative to a sphere, 
making it possible to polarize the electrons in more than one way. And most of these 
peaks can be attributed to dipole excitation, quadrupole modes can also be observed 
with large structures.  
Hollow metal nanostructures provide a powerful route to broaden the range of 
LSPR peak, while keeping the particles in a relatively small size. For example, the 
LSPR peaks of Ag or Au nanoshells, fabricated by growing thin metal shells on 
dielectric spheres, can be tuned to the NIR while maintaining a size below 100 nm. 
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Their LSPR peaks will blue-shift as the shell thickness is increased while keeping the 
dielectric cores at a constant size. 
Varying the material compositions of the nanoparticles can also change their 
optical properties. Different types of alloy nanostructures, i.e. Ag-Au, Ag-Pt, and 
Ag-Pd, have been synthesize and tested. Among them, Ag-Au alloy 
nanocage/nanobox synthesized through a galvanic replacement reaction is one 
popular structure, whose LSPR peaks can be tuned from visible to NIR region.[16] 
On the other hand, the optical properties of core-shell metal nanostructures with 
different materials can be quite different from the particles made of pure metal even in 
same shape and size. For example, Ag/Au core/shell nanoparticles perform not only a 
strong peak at ~500 nm, but also a broad shoulder at ~400 nm.[121] For the Au/Ag 
core/shell nanostructure, a screening effect related to the LSPR excitation of gold 
nanoparticle can occur with the silver shell covering the gold core. The peak 
associated with Au core will be almost vanished when the shell is enough thick, and 
the LSPR of core/shell structure will blue-shift compared to that of the gold 
core.[122-127] Apart from silver and gold bimetal nanostrucutrues, Ag/Ni, Ag/Pd, 
Ag/Pt, Cu/Ag, Ag/Cu systems have reported.[128-134]  
Shape and Material Illustration LSPR (nm) References 
Ag sphere 
 
320 - 550 [135-137] 
Au sphere 510 - 570 [138, 139] 
Ag Cube 
 
400 - 480 [140-143] 
Au Cube 550 - 700 [31] 
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350 - 450 [144] 
Au tetrahedron 600 [31] 
Ag Octahedron 
 
400 - 500 [15, 145-147] 
Au Octahedron 520 - 650 [148, 149] 
Ag bar  350 - 900 [150] 
Ag spheroid  350 - 900 [150, 151] 
Ag bipryramid 
 
500 - 700 [79, 152] 
Au bipryramid 650-1000 [153, 154] 
Ag decahedron 
 
350 - 600 [25, 155] 
Au decahedron 600 - 660 [156] 
Ag wire and rod 
 
380 - 900 [20, 157-160] 
Au wire and rod 520-1100 [161-163] 
Ag prism and plate 
 
350-1000 [36, 64, 164] 
Au prism and plate 700-1700 [165] 
Ag branched structure 
 
400-1100 [166] 
Au branched structure 700-1100 [167, 168] 
Ag/Au alloyed cage/box 
 
380 - 800 [16] 
Ag shell 
 
650 - 800 [169, 170] 
Au shell 700-1000 [171, 172] 
Table 2-1 Summary of the shapes, LSPR extinction peaks of silver and gold nanostructures. 
2.3 Refractive Index Sensitivity of LSPR 
In general, the LSPR of nanoparticles will red-shift when the local refractive 
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index around them increases. An approximately linear relationship exists between the 
shift of LSPR peak wavelength and refractive index variation within a small range. 
The refractive index sensitivity S of a particular nanoparticle type is defined as the 





= . The sensitivity 
performance of nanoparticles varies with their shapes. For example, particles with 
elongated shapes or sharp tips provide higher refractive sensitivity than spherical 
nanoparticles. Also, different modes of the same shape nanoparticles show quite 
different refractive index sensitivities. For example, the longitude mode of nanorod 
experiences more wavelength shift than its transverse mode under the same 
environment variation.  
Various LSPR sensing applications based on nanoparticles take advantage of 
spectral shift associated with environmental changes, and their capability to indicate 
the change is termed as the figure of merit (FOM), which is defined by the ratio 




= = ⋅ .  
2.4 Local field enhancement of nanoparticles and their effects to Raman and 
fluorescence 
Nanoparticles under the excitation of LSP are covered by strongly enhanced and 
highly localized electromagnetic fields, which can be considered as the result of 
polarization associated with the collective electron oscillation in the metal particles. 
The local electric field enhancement factor is defined as dividing the local field 
around nanoparticles by incident field. Early calculations and experiments have 
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demonstrated that the field enhancement factors vary with particles shapes and the 
fields generated by nanoparticles with sharp tips can be much higher than the sphere 
one with similar dimensions. However, the enhancement factor cannot be infinitely 
high. Various factors, such as surface induced relaxation (or surface scattering), 
radiation damping (or radiative decay) which are size-dependent, and other 
size-independent damping effects,[173-176] will impose upper limits on the degree of 
local field enhancement in nanoparticles.[96, 173] The strong enhanced electric field 
around the nanoparticles drastically alters the optical properties (such as excitation 
efficiency and emission intensity, directionality, polarization) of their nearby 
molecules or semiconductor quantum dots (QDs).  
Raman scattering, an inelastic scattering to the incident light, provides unique 
vibrational fingerprints of a molecule and is thought to be a direct and sensitive 
method for various areas. The combination of surface Plasmon and Ramam scattering, 
or surface enhanced Raman scattering (SERS), which help to overcome the relatively 
small scattering cross section of the molecule by the enhanced local electric field on 
the metal surface, further boosting researchers’ interests in their related knowledge 
and the exploration for various applications in recent decades. Generally, the Raman 
intensity of molecule on metal nanostructure surface can be enhanced by about 104 ~ 
1015 times, which leads to the possibility for single molecule detection. Two 
mechanisms are responsible for this huge enhancement: electromagnetic enhancement 
and chemical enhancement.[95, 177-181] The electromagnetic enhancement is 
thought to have contributed most of the enhancement (105 ~ 108). The enhanced 
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Raman intensity is proportional to the Raman scattering cross section (σ) of molecule 
in free space, molecule number (N) involved in, excitation laser intensity (I(vL)) and 
the square of the field enhancement factor at laser frequency (|𝑓(𝑣𝐿)|2) and Raman 
signal frequency (|𝑓(𝑣𝑠)|2). On the other hand, chemical enhancement contributes 
quite less to the total enhancement, only about 10 ~ 103. After combining the two 
mechanisms, SERS intensity can be expressed follows: 
adsSLLSERS vfvfvINI σ⋅⋅⋅⋅=
22 )()()( .[182] σads is the enhanced Raman scattering 
cross section which has included the effect of chemical enhancement. This term can 
be further increased if we choose the molecule having strong absorption at laser 
frequency, such as fluorescent molecules, and the Raman intensity could be enhanced 
another several orders consequently. This kind of phenomena is defined as surface 
enhanced resonance Raman scattering (SERRS). 
Fluorescent properties of the fluorophores close to the metal surface, such as 
their intensity, lifetime and quantum yield, can be also changed greatly. Distance 
between the fluorophore and metal surface plays a crucial role on its emission 
intensity. When placed 10 ~ 50 nm away from the metal surface, the fluorophore will 
benefit from the local field enhancement around the metal surface and their emission 
intensity can be enhanced about 2 ~ 1000 times, which can be defined as surface 
enhance fluorescence (SEF).[183-185] However, the fluorescence will be greatly 
quenched if the fluorophore stays close to metal surface within several nanometers, 
which can be attributed to the Főrster resonant energy transfer (FRET) to the surface 
plasmon of metal particle and nonradiative relaxation will dominate the relaxation 
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process of the fluoreophore.[150, 186-188]  
2.5 Noble nanoparticles for biomedical applications 
Because of their special plasmonics properties, noble nanoparticles have been 
intensively explored to the various biomedical areas in recent few decades, including 
in vitro or in vivo medical diagnostics and therapy. However, before their biomedical 
applications, functionalization of the noble particles is quite necessary, which will 
help to make the nanoparticles more biological compatibility and less toxic to the 
biology bodies. Researchers have already found various pathways for biomolecules 
conjugation on noble nanoparticles, which can be generally divided into: (a) 
hydrophobic entrapment, (b) electrostatic adsorption, (c) covalent cross coupling by 
carbodiimide, maleimide, and click chemistry, (d) dative covalent bonding, (e) 
oligonucleotide hybridization, and (f) photolabile linkage.[189] Employing the 
core-shell structures where noble nanoparticles are enclosed by polymer or dielectric 
shell is also a good strategy for further biomolecules conjugation.  
2.5.1 Noble nanocrystals for diagnostics 
LSPR shift based bio-assay 
As discussed above, the local environmental chemical or biochemical change 
around the noble nanocrystals will induce extinction (absorption and scattering) in 
their spectral peak shift. If metal nanoparticle surface is appropriately functionalized, 
the spectral shifts can be chemically specific depending on the molecules attached to 
their surface, which makes noble nanoparticles to be a sensitive indicator of 
molecules. Generally, nanoparticles with specific self-assembled monolayer (SAM) of 
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biomolecules are dispersed in a solution or immobilized on a solid substrate. Samples 
containing target molecules are mixed with the functionalized nanoparticle solution, 
alternatively, a substrate coated with functionalized nanoparticles are immersed into 
these targets solutions, in order to help the target biomolecules to conjugate on the 
molecules on the nanoparticles. Different concentration levels of target molecules that 
have been immobilized to nanoparticles can induce different degree extinction peak 
shift. This is the general principle of using noble nanoparticles for label-free 
biomolecular sensing through simple UV-vis extinction spectrum or single particle 
dark-field scattering spectrum. Based on this principle, researchers have explored 
various techniques for the detection of biomolecules, including nucleic acid chains 
and proteins. For example, Nusz et al. showed that sensitivity down to 1 nM of 
streptavidin can be detected using biotin-conjugated gold nanorods when viewed 
under a dark field microspectroscope.[190] Silver and gold triangular arrays prepared 
by nanosphere lithography (NSL) have been shown to be highly effective for 
quantitative detection of a variety of chemicals and biochemicals.[191-194] Obviously, 
the sensitive of this technique depends greatly on the degree of peak shift that 
corresponds to slight environmental changes on the nanoparticles, or figure-of-merit 
(FOM) in other words. Chen et al. proved that elongated and sharper apexes 
nanoparticles will generally increase their refractive index sensitivities.[195] 
In addition to the above pathway, assays based on the LSPR peak shift induced 
by changes of interparticle distance are also explored extensively. Through careful 
design of biomolecules functionalization on the nanoparticles and target molecules, 
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which consequently generate nanoparticle assembly or aggregation, the LSPR 
spectrum experiences a change, including the degree of intensity and wavelength. 
Probing the dynamics of biomolecular binding has been demonstrated by Alivisatos 
and coworkers, based on the distance-dependence of plasmon coupling.[196, 197] 
Mirkin and coworkers demonstrated that gold nanospheres may be used for the 
detection and sensing of nucleic acids based on the assembly-induced or 
aggregation-based LSPR shift.[198-202] 
SERS based bio-assays 
As SERS provides up to ~1014 enhancement to the molecule attached on metal 
nanoparticle surface, it is considered as one of the most promising tools for 
ultrasensitive chemical and biological analysis, even for single-molecule level 
detection.[203, 204] Comparing to the fluorescence-based detection method, SERS 
has narrower spectral bands and no photo-bleaching, which ensure its possibility for 
quantitative and multiplex sensing. During the past few decades, various kinds SERS 
based biosensors have been developed for molecules, nucleic acids and proteins 
detections. For example, Mirkin groups showed that six different kinds of 
oligonucleotide chains could be simultaneously detected with different Raman 
reporters marked AuNPs. Also, due to the strong SERS signal intensity, sensitive 
detection could be achieved and the detection limit was down to 20 fM.[205] The 
detection limitation can be further improved by engineering the “hotspot” of 
nanostructures for generating higher SERS signal intensity, such as using 
nanoparticles aggregation. Another popular route for SERS based biosensing is to 
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construct SERS tags or SERS-encoded nanoparticles, which are composed of noble 
nanoparticles and Raman active molecule attached on the metal surface, as probes for 
sensitive quantitative and multiplex sensing. The sensitive sensing capability greatly 
depends on the Raman signal intensity, which involves the selection of Raman 
reporter and metal field enhancer according to the laser line. This topic is still very hot 
for researchers who want to design metal nanostructures possessing strong hotspots. 
Such SERS tags can even be used for in vivo tumor detection. The first example was 
demonstrated by Nie’s group, where irradiation on the tissues with NIR lasers allows 
the recording of SERS fingerprint from antibody modified SERS-encoded gold 
nanoparticles.[206] 
2.5.2 Noble nanocrystals for cellular and in vivo bioimaging 
The main modalities for noble nanoparticles in cellular and in vivo bioimaging 
include light scattering imaging, SEF/SERS based fluorescence/Raman imaging, and 
photothermal/photoacoustic imaging. They all use plasmonic properties.  
Noble nanoparticles show quite strong optical scattering effects at their LSPR 
wavelength. These light scattering nanoparticles, which can be easily observed by 
dark field scattering microscopy, are extraordinarily photostable and have no blinking 
comparing to traditional fluorophores and quantum dots. Carefully design on the 
bio-functionalization of nanoparticles, such as antibody or other specific proteins, will 
allow them conjugate on the cancer cell surface and act as probe for imaging. Sokolov 
et al. demonstrated that gold nanoparticles conjugated with anti-epidermal growth 
factor receptor (anti-EGFR) antibodies would specifically bound to EGFR proteins 
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that are overexpressed on the surfaces of cervical cancer cells.[207] Consequently, 
cancer cell decorated with nanoparticles may produce scattered light for image 
acquisition by a confocal microscope. El-Sayed et al. adopted dark field optical 
microscopy to capture gold nanoparticle-labeled cancer cells images,[208] thus 
leading to the opportunity of multiplexed detection or imaging using nanoparticles 
having distinct LSPR. In addition to cancer cell imaging, light scattering nanoparticles 
can also be used in other biomedicine areas, such as real time tracking of bimolecular 
events.[209-213] The image contrast of optical coherence tomography (OCT) can also 
be improved through the use of gold nanoparticles as tumor tissue probes,[214] where 
the scattering property of the nanoparticles has been utilized.  
Because of the field enhancement around noble metal nanoparticles, 
photoluminescence (e.g. intensity, lifetime, quantum yield) of fluorophore or 
semiconductor quantum dots in the vicinity of nanoparticles will be altered greatly. If 
carefully control the distance between fluorophore (or, QD) and the metal 
nanoparticles about 10 nm, their emission intensity and quantum yield can be 
increased to some degree depending on the field enhancement around the metal 
nanostructure.[215-218] Simultaneously, the fluorescence lifetime will be reduced. 
Researchers have synthesized different hybrid nanostructures, which help to relieve 
the drawbacks of fluorophore and QDs, such as photo-bleaching and photo-blinking. 
And these hybrid structures can also be used as fluorescent probes for living tumor 
cell imaging.[219, 220] Actually, gold nanorod itself exhibits two-photon 
luminescence under femtosecond NIR laser excitation, and it has been applied 
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recently to in vitro and in vivo imaging of cancer cells.[221, 222] Similarly, SERS 
tags can also be treated as probes for cellular imaging.[223-225] In particular, NIR 
SERS tags hold promising application for in vivo imaging of human body because 
NIR has relatively deep penetration depth in human tissue.  
It has been known that, the extinction of noble nanoparticles is composed of 
scattering and absorption, while most of the absorption part is transformed into heat. 
The heat induced acoustic waves around the nanoparticles under laser irradiation can 
be detected. This is the basic principle for photo-thermal (PT) and photo-acoustic (PA) 
imaging. Using small gold nanoparticles as probes, PT imaging shows the merits of 
extended detection volume and high temporal stability as compared to fluorescence 
based imaging techniques. Researchers have successfully used gold nanoparticles to 
label cancer cell, stem cell, lymphatic vessels and their circulation in vivo 
systemically. [226-228] On the other hand, larger gold nanoparticles are much 
preferred for application in PA imaging, where NIR laser is used as the light source, 
because of their NIR absorption property. A range of applications have been explored, 
especially in the area of in vivo tumor imaging. For example, Agarwal et al. 
demonstrated that detection of prostate cancer by performing PT imaging using 
anti-HER2 conjugated gold nanorods.[229] 
2.5.3 Noble metal nanocrystals in medicine 
It has been a long history for application of noble metal nanocrystals in the area 
of medical therapeutics as stated by Higby, “it was natural that the exceptional 
properties of gold and the mystique surrounding the metal should induce man to seek 
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medicinal application for it”.[210, 230] Recently, the group has have been extensively 
explored cancer therapies with the use of gold nanoparticles, taking advantage of their 
small size, large surface/volume ratio, chemical, and photothermal properties. 
Small gold nanoparticles (less than 2 nm in diameter) can be used as intrinsic 
drug agents as they can easily penetrate the cell and nucleus, and they carry high level 
of toxicity in these biology bodies.[231] Hence, in clinical therapies, researchers can 
selectively target these toxic nanoparticles on the diseased tissues in order to achieve 
programmed cell death. Also, researchers found that functionalized gold nanoparticle 
(5 nm in diameter) will selectively attach to tumor cells and inhibit their activities 
(tumorigentic growth) both in vitro and in vivo.[232] Gold nanoparticles as drug 
delivery vehicles have also been explored extensively because of their unique 
properties for biological tissues. However, because of the limitation of space in this 
thesis, we will not review the recent progress of nanoparticles for drug delivery in 
medical therapies.  
Another important application of noble metal nanoparticles in medicine is to use 
the heat generated from light irradiation to destroy cancer cells, bacteria, and viruses 
in biological tissues, this technique is named as photothermal therapy. Compared to 
silver nanoparticles, gold nanoparticles are more stable and have relative high 
absorption efficiency. Also, their extinction spectra can be easily extended to NIR, 
because of the higher penetration depth by NIR in the biological tissues, through 
tuning their shapes, sizes and composition. Unlike with the classic photo-sensitizers in 
photodynamic therapy, which generates singlet oxygen upon irradiation and kill the 
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cell, gold nanoparticles have the advantage of higher absorption cross section, higher 
solubility, efficient absorption at longer wavelengths, and facile conjugation with 
targeting molecules and drugs. Gold nanoparticles are becoming the most favorable 
nanomaterial for photothermal therapy. For example, Halas and coworkers first 
applied gold/silica nanoshells with strong NIR absorption in photothermal 
therapy,[171, 233-235] various cancerous cell lines in vitro and in vivo in animal 
models have been successful destroyed through ablation. However, nanoshells, 
typically in large sizes (~ 130 nm), have the drawback of accumulation in some 
cancerous tissues and difficulty of elimination from the human body. Alternatively, 
gold nanorods and nanocages have been developed by El-Sayed and Xia et al 
respectively. Their relatively small size and good NIR absorption show great promises. 
Both types of nanoparticles have been shown to target tumor cancer cells in vitro and 
case ablation of the cell upon receiving strong NIR irradiation.[236, 237] Other gold 
nanostructures such as gold–gold sulfide nanoparticles and hollow gold nanoshells 
with proper functional groups have been also proven to be effective photothermal 
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Chapter 3. Photochemical synthesis of size-controlled silver 
nanodecahedrons (NDs) 
3.1 Introduction 
Noble-metal nanocrystals have received considerable attention in recent years for 
their size- and shape- dependent plasmonic properties, and they have been used in 
various application areas including photonics, [241] electronics, [242] catalysis, [243] 
sensing, [244] and biomedicine. [245] Highly uniform silver (Ag) nanostructures of 
different shapes (spheres, [246] rods, [160] bars, [150] belts, [70] wires, [88] prisms, 
[36] disks [247]) have been widely reported in the literature. It is interesting to note 
that plasmonic applications associated with the longer wavelength region (e.g. 500nm 
and above) of the visible spectrum is largely covered by gold (Au) nanoparticles (NP) 
– instead of silver nanoparticles – despite that gold offers relatively lower field 
enhancement factors because of higher losses. Until now, reported cases of Ag NPs 
primarily cover the UV-blue region. This impedes widespread applications of Ag NPs. 
With the aim of extending the wavelength of localized surface plasmon resonance 
(LSPR) in Ag NPs, Xia et al successfully synthesized silver nanocubes that have 
LSPR peaks in blue-green region (420-500nm). [140, 248] Silver nanorods, whose 
LSPR have been extended to red region experimentally, exhibit polarization 
dependent properties because of it specific shape. In addition, large local field 
enhancement can be only acquired when the polarization of the incident radiation is 
parallel to the longitudinal axis of the nanorod. While silver nanoprims are often 
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subjected to dissolution through oxidation in aqueous media, they tend to loss their 
sharp tips. On the other hand, silver nanodecahedrons (Ag NDs) should hold some 
promise on expanding LSPR wavelength further into the red region. Because of their 
sharp corners and edges, Ag NDs in colloidal form demonstrate remarkable optical 
properties including narrow scattering peaks and highly reproducible transmission 
spectra. [25, 249] Despite such special optical properties, literature reporting the 
growth of Ag NDs is quite limited. Earlier works on the synthesis of Ag NDs using 
photochemical [249, 250] or N, N-dimethylformamide (DMF) reduction methods 
[251] have been reported by several groups. Kitaev et al reported that growth of 
nanodecahedrons in a mixture of NP seeds and precursor solution can be activated by 
white light illumination, and relative narrow size range of silver nanodecahderons are 
produced. [25] In this chapter, a general silver nanodecahedrons preparation method 
and their characterizations will be presented in section 3.2. Detailed investigation on 
the effects of chemicals and light sources to the productivity of Ag NDs would be 
presented in section 3.3 and section 3.4. Section 3.5 would introduce a mature process 
on producing broad size range of silver nanodecahedrons in high purity.  
3.2 Seed-mediated plasmon-driven regrowth of silver nanodecahedrons 
Silver nanodecahedrons (NDs) seeds were prepared using the method reported in 
Ref. [25]. 0.5 mL trisodium citrate (0.05 M), 0.015 mL poly(vinyl pyrrolidone) (PVP, 
Mw=40,000 g/mol, 0.05 M), 0.05 mL L-Arginine (0.01 M) and 0.15 mL silver nitrate 
(0.005 M) were mixed with 7 mL deionized water in a clear 10 ml beaker. 80 μL ice 
cold sodium borohydride (0.1 M) was rapidly injected into the mixed solution with 
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continuous stirring. The solution was incubated for 2 hours in a dark environment at 
room temperature. The final bright yellow solution was exposed to 465nm radiation 
from a blue LED for 7 hours, which will induce a great amount of silver 
nanodecahedrons with relative uniform size. In order to grow larger size AgNDs, a 
seed-mediated method was adopted. In general, AgNDs seed solution prepared from 
465 nm light irradiation was mixed with proper amount of precursor solution. This 
final mixture was then exposed to light illumination for 6~9 hours depending on the 
light intensity. In our experiments, we use two kinds of precursor for further growth. 
Precursor_I is composed of small silver nanoparticles with diameter below 10 nm and 
prepared from sodium borohydride (0.1 M) reduction to the aqueous mixture 
containing trisodium citrate (3.3 mM), Poly(vinyl pyrrolidone) (0.1 mM), L-Arginine 
(0.0625 mM) and silver nitrate (0.1 mM). While precursor_II is a direct aqueous 
mixture of trisodium citrate (3.3 mM), Poly(vinyl pyrrolidone) (0.2 mM) and silver 












of final silver 
NDs (nm) 
1. 465 N.A. 7 489 
2. 500 2 mL sample 1 2 499 
3. 500 2 mL sample 1 3 516 
4. 500 2 mL sample 1 4 522 
5. 500 2 mL sample 2 3 541 
6. 500 2 mL sample 3 3 550 
7. 520 2 mL sample 4 4 562 
8. 520 2 mL sample 5 3 572 
9. 520 2 mL sample 6 3 580 
10. 520 2 mL sample 7 3 590 
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Table 3-1 Summary of final products obtained from exposing seed and precursor solution to LED 
illumination at various wavelengths. 
 
Figure 3-1 (a) UV-Vis extinction spectra and photographs of final silver ND colloids taken in (b) 
reflected and (c) transmitted modes. 
Table 3-1 is a summary of various silver NDs prepared from a seed-mediated 
Plasmon-driven growth method, where precursor_I was used for further larger size 
NDs regrowth. Extinction spectra of the products are shown in Figure 3-1 (a) and 
their corresponding visual colors in reflection and transmission modes are 




Chapter 3. Photochemical synthesis of size-controlled silver nanodecahdedrons (NDs) 
- 50 - 
 
of the extinction spectra of sample 1 is about 45 nm, which indicates that the colloidal 
silver NDs are highly symmetric and of small size variation. [25] [25] Their narrow 








), [252] for sensing applications. The gradual widening of 
FWHM with increasing red shift is an intrinsic effect characteristic to increasing the 
particle size of the NDs. [253] The weak peaks nearer to the blue region can be 
attributed to the silver NDs’ transverse resonance and dipole resonance of a small 
amount of unconsumed nanoparticles. In addition, the bi-color character (i.e. different 
sample colors in reflection and transmission modes) of the colloid solutions shown in 
figure 3-1(b) and (c) indicates that the silver NDs have low size variation and possess 
strong scattering coefficient in the visible region, i.e. light reflected from the colloid 
mainly composed of the wavelength components scattered by the silver NDs while 
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Figure 3-2 FE-SEM images of silver nanodecahedrons having extinction peaks at (a) 516 nm, (b) 
522 nm and TEM images of silver nanodecahedrons having extinction peaks at (c) 541 nm, (d) 
550 nm. The scale bars in all images are 100nm. 
 
Figure 3-3 (a) TEM side-view images of silver nanodecahedrons at different sizes. All red 
triangles are equilateral and the scale bars are 50 nm. (b) Calibration curve showing linear 
dependence between major localized surface plasmon resonance (LSPR) peak position and edge 
lengths of silver nanodecahedrons. 
Figures 3-2 (a)-(d) show the FE-SEM and TEM images of silver NDs with 
extinction peaks at 516nm, 522nm, 541nm and 550nm respectively. Apart from a 
small amount of nanoprisms and nanoplates, highly uniform silver NDs make up over 
90% of the products. As shown in figure 3-3 (a), side-view images of the silver NDs, 
reveal that the distance between two vertices of the two back-to-back penta-prisms is 
almost the same as their ridge lengths, thus indicating that the enlarged silver NDs as 
grown from their seeds have preserved the original shape. This is quite different from 
the case of silver nanodecahedrons evolving into silver pentagonal nanorods as 
reported in the literature. [160, 254] In such situations, strong binding of PVP to the 
{100} face results in preferential deposition of silver to the poorly passivated {111} 
face. In our regrowth experiments, with both PVP and citrate acting as surfactants, no 
(a) 
(b) 
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nanorod has been found in the final solutions. It is thought that the incident optical 
radiation induces strong electromagnetic field at the edges, which will in turn reduce 
the selective binding of PVP to the {100} face, hence allowing the growth of NDs 
from their seeds. TEM and FE-SEM images of at least 100 nanoparticles have been 
used for estimating the average dimensions of the silver NDs, and the relationship 
between the major extinction peaks and the average edge lengths is shown in figure 
3-3 (b). Quantitatively the LSPR peaks of the silver NDs, i.e. 489, 516, 522, 550, 572 
and 590 nm, are related to their edge lengths (standard deviation) in the order of 
28.3(±3.6) nm, 38.9(±4.0) nm, 41.7(±4.5) nm, 53.5(±5.1) nm, 61.4(±7.6) nm, 
67.4(±4.7) nm respectively (We have also added a set of histograms in figure 3-4 to 
show the size distributions of silver NDs having different extinction peaks). A linear 
relation has also been found: )998.0(33.16339.0 2max =−∗= Rl λ , where l  and 
maxλ  are edge length and position of major LSPR peak respectively. 
 
Figure 3-4 Histograms used to characterize the size distribution of silver nanodecahedrons with 
different extinction peaks. 
572 nm 
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While for the synthesis of AgNDs with smaller sizes (i.e. LSPR peak in the range 
of 420 - 480 nm), 20 μL, 80 μL, 140 μL and 260 μL of H2O2 aqueous solution (0.5 
mM) were added to four samples of 3 mL as-prepared AgND seed colloids (LSPR~ 
489 nm). Consequently oxidation of AgNDs resulted in the production of small size 
silver nanoparticles. The four samples were left to stabilize for 2 hours. Finally 
AgNDs were collected from the four samples by centrifugation followed by 
dispersion in PVP solution. Figure 3-5 is four extinction spectra and photographs of 
silver colloids prepared by adding 20 µL, 80 µL, 140 µL, and 260 µL of H2O2 (0.5 
mM) aqueous solution into 3 mL as-prepared AgNDs with 489 nm extinction peak. As 
shown in the photographs, the four samples continue to retain their bi-color character 
when viewed in white and dark background, which is indicative of the fact that the 
nanoparticles are of high scattering efficiency. The two peaks in each of the extinction 
spectra are associated with two distinct modes that exist in the silver nanoparticles. 
TEM images of silver nanoparticles formed using 80 µL and 260 µL of H2O2 solution 
are shown in figure 3-6. They confirm the two modes assumption, in which polygonal 
crystals instead of spherical ones. As revealed by TEM, the five sharp tips of the 
AgNDs have been truncated by oxidation. Increasing the amount of H2O2 results in 
larger extend of the rounded tips in the silver NDs. Nonetheless, the truncated silver 
nanoparticles or truncated nanobicones in the present case are clearly five-twin 
crystals still. Further increase of H2O2 inevitably converts the AgNDs into spheres and 
the two LSPR modes will merge together. 
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Figure 3-5 UV-vis extinction spectra of silver colloids by adding 20 µL, 80 µL, 140 µL, and 260 µL 
H2O2 aqueous solutions into silver nanodecahedrons colloids with 489 nm extinction peak. Inset 
photographs are taken in reflection and transmission modes of the four colloids. 
 
Figure 3-6 TEM images of silver nanoparticles formed by adding (a) 80 µL and (b) 260 µL H2O2 
solutions into as-prepared silver NDs colloids. 
(b) 
(a) 
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3.3 Chemical roles of reagents in the process and mechanism for 
photogrowth of silver nanodecahedrons 
To understand the mechanism of the growth of AgNDs under 465nm light 
irradiation, a more detailed investigation on the chemical role of each reagent would 
be necessary. In our experiments, silver nitrate, PVP, L-arginine and sodium citrate 
are normally used for the growth of silver nanodecahedrons. Silver nitrate serves as 
silver salt for reduction in our photochemical experiments. Despite PVP is not a 
necessary surfactant for the growth of silver nanoprims experiments, PVP acts as an 
essential surfactant for the growth of silver nanodecahedrons. Experimental result also 
demonstrated that no AgND forms if no PVP is present in the small nanoparticles 
solution after 465 nm light irradiation. Without the protection of PVP, five-fold 
twinned decahedra nanocrystals become unstable upon the irradiation of light, and 
will be etched into silver ions rather than grown into large size silver 
nanodecahedrons. However, if enough PVP molecules have been provided to stabilize 
the silver nanoaparticles, further increase of PVP concentration brings little change. 
On the other hand, L-arginine can slightly narrow the extinction peak of the silver 
NDs colloid after 465 nm irradiation, which indicates that it can make the AgND 
product more uniform in size. However, L-arginine is not an essential chemical in our 
AgNDs preparation experiments. Actually, we do not use L-arginine in most of our 
experiments where the seeds were prepared after overnight incubation at 4 ℃, and 
silver NDs prepared from these seeds also possess high uniformity in size.  
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Sodium citrate, being the most important chemical adopted in photo-synthesis 
experiment, has two functions in our experiments: as surfactant for stabilizing silver 
nanoparticles and as a reagent for silver cation reduction upon light illumination. 
Actually, citrate has been widely used as reagent in thermal reduction of metal 
colloids, and is degraded into acetoacetate and formate during the reaction. [255, 256] 
In our photo-chemical growth of AgNDs, all the experiments are conducted at room 
temperature or below, which indicates the reduction role of citrate is not caught out 
through heating. 1H NMR spectroscopy has been used to determine the citrate 
evolution during the whole photo-growth. [257] 1H NMR spectrum reveals that citrate 
will keep unchanged in the small nanoparticles solution if no light irradiation present. 
New peaks associated with 1, 3-acetonedicarboxylate (ADE), which is a citrate 
oxidation product, appear after light irradiation. Unstable 1, 3-acetonedicarboxylate 
(ADE) will be consequently decomposed into acetoacetate. And the more irradiation 
time, stronger peaks associated with acetoacetate appear in the 1H NMR spectrum. 
Our experiment of illuminating the small nanoparticles solution with the absent of 
citrate by 465 nm light showed that no silver nanodecahedron appear in the final 
solution.  
Another essential reagent during the formation of silver nanodecahedron is the 
oxygen dissolved in the solution. As all the silver ions have been reduced into small 
silver nanoparticles in the first step before light irradiation, the silver source for the 
growth silver nanodecahedron from small size nanoparticle would have to come from 
the other small size silver nanoparticles. Also, experiments demonstrated that the 
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reaction would be stopped and no silver nanoparticle grows if the solution is bubbled 
with nitrogen and protected in a no oxygen environment. Therefore, the major role of 
oxygen is to etch the silver nanoparticles into silver cations which supplied as silver 
ion source for reduction and deposit on other nanoparticles for growth upon light 
irradiation. 
The discussion above indicates the two roles of small silver nanoparticles during 
the whole process: as cores for large size silver nanoparticles growth and as silver 
source to be oxidized into ions for the growth of cores. And the roles of nanoparticles 
are greatly dependent on their crystal structures and the light for irradiation. Generally, 
for the case of precursor containing silver nanoparticles below 10 nm and surfactants, 
i.e. sodium citrate, PVP, or bis(p-sulfonatophenyl)-phenylphosphine (BSPP), varying 
illumination wavelength will change the shape of the product. For example, the use of 
405 nm, 455 - 465 nm, 500 - 650 nm and 600 - 750 nm will respectively lead to the 
formation of silver spheres, nanodecahedrons, nanoprisms/plates and nanorods. [36, 
250, 258] Former theoretical calculation indicates that small silver nanoparticles with 
different crystal structures, such as fcc, hpc, parallel twins, decahedra and icosahedra, 
can appear in the precursor because of errors in the stacking sequence of a fcc lattice. 
[259] While each crystal structure is believed to require specific activation energy for 
material formation through photon absorption, one should be able to control the core 
structure of the silver nanoparticles for growth by varying the illumination 
wavelength. On the other hand, other small silver nanoparticles will be scarified by 
oxidation into silver cations and serve as the silver source for the growth of the 
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selected cores. 405 nm light favors the growth of small silver nanoparticles with 
icosahedra structure into nanospheres. 455 - 465 nm light favors the growth of small 
nanoparticles with decahedra (five-fold twins) structure into AgNDs. Also, silver 
nanoplates and nanoprisms will emerge from small Ag nanoparticles with parallel 
twins when the irradiation wavelength is 500 - 650 nm. With longer wavelengths of 
600 - 750 nm, the final products become silver nanorods which also evolve from 
small decahedra nanoparticles, but with higher growth speed on (111) than on (100) 
faces. Researchers also used the different laser lines from an Argon ion laser to 
irradiate the precursors, and the final colloidal solutions show similar characteristics 
as compared to those obtained from using relative broadband light source (~40 nm in 
bandwidth), including the shape of the nanoparticle and their extinction peak position 
and width. [260] However, the exact mechanism behind this selectivity of excitation 
wavelength in relation to the shape of the Ag nanoparticles is an issue yet to be fully 
clarified. Table 3-2 is a summary of the contributions of various components during 
the formation of silver NDs.  
Components Contributions 
Silver nitrate Silver salts for silver nanoparticles 
Sodium citrate 
Surfactants; Electron donors for the reduction of silver cations 
during formation of silver NDs 
PVP 
Surfactants to protect multiple twinned silver nanoparticles 
against oxidation 
L-arginine Chemical to improve the uniformity of silver NDs slightly 
Sodium Chemical to rapidly reduce silver salt into small silver 
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Reagent to etch silver nanoparticles back to silver ions 
Small silver 
nanoparticles 
Cores for the growth of silver NDs; Silver source to be oxidized 
into ions for the growth of cores; Catalyzers for the 
photo-reduction of silver cations 
465 nm LED Energy source for photo-reduction process 
Table 3-2 Smmary of various components’ contributions during the formation of silver NDs. 
 
Figure 3-7 Time evolutionary extinction spectra of the precursor upon the irradiation of 465 nm 
light. 
Figure 3-7 is the time evolution of extinction spectra of the precursor under 
irradiation of 465 nm light. When at blue light illumination, citrate groups will donor 
and transfer electrons to the surface of five-twinned small silver nanoparticles with 
PVP protection, while citrate in the colloid will be oxidized into 1, 
3-acetonedicarboxylate (ADE). Silver cations around the particles surface will be 
reduced into silver atoms upon receiving the electrons and deposit on the small 
decahedral nanoparticles. With the deposition of silver atom on the particles surface, 
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silver nanodecahdedrons emerge in the colloid as shown in the extinction of the 
solution after short time irradiation, where a new peak associated the LSPR of Ag 
NDs appears at around 500 nm. This peak becomes stronger with increasing 
irradiation time, indicating more and more Ag NDs emerge. This growth mechanism 
of silver NDs can be regarded as a photo-driven self-catalyzed process, and silver 
nanoparticles act as the photo-catalysts during the process. No observable reaction 
appears if no light exposure on the mixture of small size nanoparticles, PVP and 
citrate.  
On the other hand, from the viewpoint of energy, the energy barrier between Ag0 
and Ag+ are relatively high that silver cations are difficult to be directly reduced by 
citrate at room temperature. However, if silver nanoparticles are present in the 
precursor, silver atoms will complex with silver cation and citrate, whose energy 
difference with the Agm0/Ag-/citrate intermediate is narrowed that visible light can 
easily overcome this energy barrier. Consequently, the Agm0/Ag-/citrate intermediate 
complex with high energy level will be transformed into Agm+10/ADE with relative 
low energy level and the reduced silver atom will consequently deposit on the 
five-twinned nanoparticle surface as discussed above. Moreover, small silver 
nanoparticles in the precursor will be oxidized by O2 to release Ag+ ions, which serve 
as a material source for silver ND growth, as evidence of the decreasing magnitude of 
400 nm peak with the increasing exposure time in figure 3-7. In addition to the 
majority of silver NDs grown from five-twinned nanocrystal seeds under the 
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excitation of blue light, a small part of silver NDs are also formed from step-by-step 
fusion process of tetrahedrons.[249] 
The regrowth mechanism of our silver NDs is thought to be based on similar 
silver redox cycles discussed above as shown in figure 3-8 (a), which involves 
reduction of Ag+ on the silver ND surface under LSP excitation with the assistance of 
citrate and oxidative dissolution of small silver particles by O2. [257] During dipole 
excitation under light illumination, citrate bonding on the silver surface will be 
oxidized and an electron is released to neutralize the hot hole. At the same time, Ag+ 
in the solution will receive the hot electron to become Ag0, which then binds to the 
surface and finally results in the enlargement of silver ND. As shown in figure 3-8 (b), 
the major LSPR peak (~500 nm) of the silver NDs red-shifts slowly with increasing 
LED illumination duration, thus suggesting the involvement of a single regrowth 
process during the enlargement of the silver NDs. In addition, the peak at ~400 nm 
decreases in intensity continuously, thus indicating that small silver nanoparticles are 
being consumed and gradually oxidized to form silver cations. For the small peak in 
the long wavelength region (550-600 nm) during the early stage of the regrowth, we 
attribute this to the LSPR of small amount larger silver NDs. The seeds are quickly 
transformed into enlarged NDs in the presence of high concentrations of Ag+ shortly 
after mixing with the precursor solution. As growth continues, Ag+ concentration in 
the mixture very soon returns to a steady-state level. It should be noted that the 
growth of silver NDs is effectively driven by a dynamic equilibrium process, which 
allows the co-existence of material etching and regrowth while the silver cation 
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concentration in the solution is largely maintained. This phenomenon is particularly 
true in the situation when most of the small silver nanoparticles have been consumed, 
which typically happens 5-6 hours after the addition of the precursor, and the 
deficiency of silver cations favors the etching of silver NDs. In the presence of LED 
irradiation, LSPR will result in the promotion of material growth. In our case, 
irradiation at ~500 nm will affect both small NDs with LSPR at ~516 nm as well as 
large NDs with LSPR in the range of 550-600 nm. However, the fact that 500 nm is 
very close to the LSPR peak of 516 nm for small NDs, the growth speed of these NDs 
will be much higher than that of large NDs. [261] As small NDs consume silver 
cations due to rapid growth, the only pathway for maintaining a constant silver cation 
concentration is to have etching in the large NDs through oxidation. This process will 
continue until the large NDs have become small enough so that their LSPR peak 
becomes similar to that of the small NDs. This explains why the small NDs will grow 
as indicated by a LSPR red-shift, while the large NDs undergo etching as indicated by 
a LSPR blue-shift. In our experiments, we stop the growth process when we see that 
the FWHM of the extinction spectrum has reached its minimum. This typically takes 
7 hours. 
(a) 
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Figure 3-8 (a) Proposed mechanism for regrowth of silver NDs and (b) Monitoring of regrowth 
after exposing a reaction mixture (2 mL of silver ND seed (LSPR~489 nm) solution and 4 mL of 
precursor solution) to 500 nm LED illumination. 
3.4 Light wavelength effect to the regrowth of silver NDs 
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4 mL precursor for 6 hours and (b) FE-SEM the final product. Dash line is extinction spectrum of 
ND seeds. Inset: halogen lamp emission spectrum. 
We first studied the enlargement of silver nanodecahedrons when a mixture of 3 
mL ND seed solution with LSPR at 489 nm and 3 mL precursor_I solution was 
illuminated by white light (Fiber-Lite DC950 illuminator manufactured by 
Dolan-Jenner Industries) for 9 hours. UV-Vis spectrum in figure 3-9 (a) shows that 
the longitudinal resonance peak has shifted from 489 nm to 497 nm, which indicates 
an increase of the nanodecahedrons size. However, a broad peak in the longer 
wavelength region has emerged also. This peak is associated with silver nanoprisms 
and nanoplates as shown in figure 3-9 (b). The reason for our results is 
straightforward. Since halogen light contains a wide spectrum particularly for the 
500-750 nm region (as shown in the inset of figure 3-9 (a)), the mixture received a 
range of photon energies that can induce regrowth of silver NDs (LSP wavelength: 
500-520 nm) as well as transformation of small silver nanoparticles into nanoprisms 
and nanoplate (500-750 nm). Hence, it would not be a good idea to grow silver 
nanodecahedrons with high uniformity and purity using wide-band light irradiation. 
 
Figure 3-10 Emission spectra of LED used in experiments. 
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Figure 3-11 FE-SEM image of silver nanodecahedrons of large scale. Silver nanoprisms and 
nanoplates are labeled with red circles. 
LED with relative narrower emission spectrum band as shown in figure 3-10 is 
consequently adopted for silver nanoparticles growth experiments. It has been 
proposed in the literatures that silver precursor containing small silver nanoparticles 
and citrate will produce silver nanoprisms and nanoplates under the irradiation of 500 
nm or longer wavelengths. [249, 250, 260] The small amount of silver nanoprisms 
and nanoplates found in the final product also confirms that the same reaction has 
taken place in our experiment. However, nanoprisms and nanoplates only amount to 
less than 5% as shown in figure 3-11. In the present case, LSP excitation has 
drastically increased the speed of reduction from Ag+ to Ag0 at the surface of the 
silver NDs. This leads to a much faster regrowth rate of silver NDs than the formation 
self-transforming seeds into nanoplates, as supported by Ref. [261]. These two 
competitive processes, as highlighted in scheme 3-1, can be controlled by the use of a 
light source. When LED emission peak matches with the LSPR peak of the silver ND 
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seeds, formation of silver nanoprisms and nanoplates in the solution will be 
suppressed. 
 
Scheme 3-1 With the use of radiation close to the LSPR peak of the silver NDs seeds, regrowth of 
silver ND is much more favoured then the formation of nanoprisms and and nanoplates. 
Figures 3-12 (a) and (b) are respectively the UV-Vis extinction spectra of the 
final products obtained from exposing the reaction mixture (2 mL of silver ND seed 
solution (LSPR~556 nm) mixed with 4 mL of precursor solution) to LED irradiation 
at 465 nm and 578 nm for 9 hours. The 465 nm case has resulted in slight growth of 
the seeds and the addition of another strong peak at 496 nm. This peak belongs to 
newly formed silver NDs having smaller sizes, which makes the final product more 
poly-dispersive. For the 578 nm case, as shown in figure 3-12 (b), the peak due to the 
silver ND seeds remains nearly unchanged, signifying the absence of any regrowth in 
the solution, while a new peak at 660 nm associated with silver nanoprisms and 
nanoplates has emerged. FE-SEM images of the product also support the presence of 
these nanoparticles (see figure 3-13). The peak at around 400nm is due to 
unconsumed silver nanoparticles introduced from the precursor. The reason for the 
observed enlargement of silver NDs seeds upon 465 nm light irradiation and nearly no 
regrowth in the 578 nm case could be attributed that photon energy of 578 nm is not 
Chapter 3. Photochemical synthesis of size-controlled silver nanodecahdedrons (NDs) 
- 67 - 
 
sufficient to excite hot electrons and holes on the silver ND surface. Thus little or no 
reduction can happen on the silver ND surface, while the only reaction to take place 
will be for the small silver nanoparticles to self-transform into nanoprisms and 
nanoplates. 
 
Figure 3-12 Extinction spectra of silver ND seeds (LSPR ~ 556 nm) and precursor after LED 
irradiation at (a) 465 nm and (b) 578 nm. Dash lines are for the extinction of ND seed solutions, 
and solid lines for the final products. 
 
Figure 3-13 FE-SEM image of product irradiated by 578 nm LED. 
3.5 Control on the crystal defects of small silver nanoparticles and effect of 
precursor to the regrowth of various size silver NDs 
(a) (b) 
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Figure 3-14 UV-vis spectra of silver nanoparticles prepared from solution containing different molar 
ratios of sodium citrate and silver nitrate before light irradiation. Inset is the TEM image of silver 
nanoparticles prepared from molar ratio of sodium citrate/silver nitrate at 30. 
Previous discussion indicates that Ag NDs are grown from five-twinned small 
size silver nanocrystals, and the production yield of Ag NDs was found to be very 
sensitive to the population ratio of nanocrystals with five-fold twinned defects over 
other products. The ratio between silver nitrate and sodium citrate actually provided 
us a pathway to control the five-fold twinned defects in the nanostructures during 
NaBH4 reduction prior to subsequent photo-assisted Ag ND growth. Figure 3-14 
shows the extinction spectra of solutions prepared from different molar ratios between 
silver nitrate and sodium citrate after NaBH4 reduction and incubation. As seen in the 
extinction spectra, a peak appears at the longer wavelength and its intensity increases 
with increasing ratio between sodium citrate and silver nitrate. TEM image of the 
seeds prepared from solution with sodium citrate/silver nitrate at 30, as shown in the 
inset of figure 3-14, suggests that the longer wavelength extinction peak is associated 
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with relatively large silver nanostructures containing multiple twins that also include 
decahedra defects. Figure 3-15 shows the extinction spectra of nanoparticles grown 
from these solutions after irradiation by 465 nm LED. TEM image in figure 3-16 (a) 
reveals that large amount of silver nanoplates and nanoprisms were formed when the 
sodium citrate/silver nitrate ratio was relative low. On the other hand, relative high 
sodium citrate/silver nitrate ratio resulted in much lower amounts of silver nanoplates 
and nanoprisms as shown in figure 3-16 (b) and 3-16 (c). However, small amount of 
rounded nanoparticles with irregular shape were found if sodium citrate/silver nitrate 
ratio was 50. The density of these irregular nanoparticles increased dramatically when 
the sodium citrate/silver nitrate ratio was 70. It is believed that citrate acts as an agent 
for controlling the crystal imperfections in the silver nanocrystals. [262] Low levels of 
sodium citrate/silver nitrate ratio favours the formation of single or parallel twinned 
silver nanoparticles, which can also grow under 465 nm light as observed from figure 
3-16 (a). For the case of medium level citrate concentration, the higher population of 
large multiple twinned nanocrystals in the product also leads to higher production 
yield of Ag NDs. However, it is not always the case that high sodium citrate/silver 
nitrate ratio results in high yield of Ag NDs. High citrate concentration also leads to 
high occurrence of crystal imperfections such as stacking faults and partial 
dislocations, which tends to produce more irregular shaped silver nanoparticles as 
shown in figure 3-16 (d).  
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Figure 3-15 UV-vis spectra of silver colloids after 465 nm light irradiation on solutions prepared 
from different sodium citrate/silver nitrate ratios. 
 
  
Figure 3-16 TEM images of silver nanoparticles prepared from sodium citrate/silver nitrate ratio 
(a) (b) 
(c) (d) 
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at (a) 10:1, (b) 30:1, (c) 50:1 and (d) 70:1 after 465 nm light irradiation. 
The effectiveness of using sodium citrate/silver nitrate ratio to control the seed 
nanostructures can be further demonstrated by comparing the effects of irradiating the 
seed solutions with a 520 nm light source. As mentioned earlier, 520 nm irradiation 
favours the pathway of growing nanoprisms and nanoplates from small silver 
nanoparticles with parallel twins. This point is further supported by the extinction 
spectra shown in figure 3-17 and SEM image in figure 3-18 (a), where we see that 
nanoprims and nanoplates are the major products. We also notice that parallel twinned 
nanocrystals prevail over five-twinned nanostructures in solutions prepared from 
sodium citrate/silver nitrate molar ratios within the range of between 1 and 10. In 
figure 3-17 and 3-18 (b), we show the extinction spectrum and SEM image of 
products prepared with molar ratio at 30. In this case, the population of silver 
nanoprisms or nanoplates is much lower. This result further supports our assumption 
that increasing the sodium citrate/silver nitrate ratio will improve the production yield 
of five-fold twinned nanocrystals. Finally prolonged growth under 520 nm light 
irradiation will produce silver nanodecahedrons with a distinctive LSPR peak at 540 
nm. 
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Figure 3-17 UV-vis spectra of silver colloids after 520 nm light irradiation on solutions prepared 
from different sodium citrate/silver nitrate ratios. 
 
 
Figure 3-18 SEM images of silver nanoparticles prepared from sodium citrate/silver nitrate ratio 
at (a) 10:1 and (b) 30:1after 520 nm light irradiation. 
Despite the aforementioned measures for optimizing the sodium citrate/silver 
nitrate ratio and employing photo-excitation at 465 nm to improve the production 
yield of Ag NDs, a certain quantity of silver nanoplates and nanoprisms are still 
inevitable. Hence centrifugation method has been adopted to remove these nanoplates, 
nanoprisms, and unconsumed small silver nanoparticles. This step is quite important 
(a) 
(b) 
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in terms of controlling the purity of Ag NDs produced in the subsequent steps. Figure 
3-19 and figure 3-20 respectively show the extinction spectra of silver colloids 
prepared by further growth of silver NDs seed solution (sodium citrate/silver nitrate ~ 
30) without any treatment and SEM image of the nanocrystal product. Nanoprims 
with near infrared peaks and nanodecahedrons with visible peaks co-exist in the final 
product. 
 
Figure 3-19 UV-vis extinction spectra of silver nanodecahedrons colloids without the removal of 
small nanoparticles in the initial regrowth step. 
 
Figure 3-20 SEM images of silver colloids (major extinction peak at 618 nm) without the removal of 
small nanoparticles in the initial regrowth step. 
Another crucial point related to the purity of silver NDs is the precursor added to 
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the silver ND seeds for regrowth. It has been reported that precursor composed of 
small silver nanoparticles may benefit the growth of large and uniform Ag NDs if the 
emission peak of the LED illumination coincides with the LSPR peak of the Ag ND 
seeds. [263] Otherwise, silver nanoprisms and nanoplates instead of Ag NDs will be 
the major products, if we use wavelengths away from the LSPR peak of the seeds for 
regrowth. The largest Ag NDs with LSPR at 550 nm were produced with LED 
illumination at around 500 nm. On the other hand, if a mixture of sodium citrate, PVP 
and silver nitrate (precursor_II) is used for the precursor, and without the addition of 
NaBH4 to reduce silver cations into silver nanoparticles, the seeds contain Ag NDs 
only and this result in the generation of larger Ag NDs with a high degree of purity. 
Since Ag ND is the only nanostructure available in the mixture of silver ND seeds and 
precursor, silver cations in the solution will be reduced and then deposited on the Ag 
ND seeds upon receiving excitation from the incident photons. From our experiments, 
we have successfully synthesized a range of Ag NDs having LSPR anywhere between 
490 and 660 nm with the use of a single LED wavelength at 500 nm. Figure 3-21 (a) 
shows the normalized extinction spectra of different sizes of Ag NDs with LSPR 
taking place at 494 nm, 520nm, 543nm, 575nm, 600nm, 630nm and 660nm. TEM 
images of Ag NDs having LSPR at 630 nm and 660 nm are shown in fig. Figure 3-22 
(a) and (b), and their edge lengths are measured to be 94.8 nm and 108 nm 
respectively. Figure 3-4 provides more detailed size distribution of Ag NDs with 
extinction peaks in 489 ~ 590nm. In figure 3-21 (b), we also present DDA (Discrete 
Dipole Approximation) results for Ag NDs having edge lengths of 50 nm, 70 nm, 90 
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nm, and 110 nm, whose extinction peaks are at 548 nm, 566 nm, 596 nm, and 630 nm 
respectively. Apart from a slight red-shift of the major extinction peaks, the general 
spectral shape and red-shift trend with increasing nanoparticle size of the DDA results 
are in good agreement with experimental data, thus signifying that our Ag NDs are of 
good quality. Also, the slight discrepancy in the peak locations can be explained by 
the fact that our simulation assumes pure water as the dielectric environment 
surrounding the Ag NDs, while in the experimental case there should be a fair amount 
of surfactants (e.g. PVP and Citrate). 
 
Figure 3-21 (a) Normalized UV-vis spectra of silver nanodecahedrons colloids. (b) DDA 
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Figure 3-22 SEM images of silver nanodecahedrons having extinction peak at (a) 630 nm and (b) 
660nm. 
Although the incident photons do not match with the LSPR of the Ag NDs, 
especially for the growth of large Ag NDs, the photon energy of 500 nm is still larger 
than the energy barrier between Ag-/citrate and Agm0/Ag-/citrate intermediate. This 
inevitably leads to the oxidation of citrates absorbed on the Ag NDs surface. 
Consequently reduction of silver cations in the vicinity can still produce neutral silver 
atoms for material growth on the Ag ND surface. Indeed the purity and uniformity of 
the final Ag NDs depend greatly on the effectiveness of the separation step through 
which Ag NDs are extracted from other silver nanostructures. Compared to the 
approach in section 3.2, which involves multiple growth steps and requires careful 
optimization between the seed characteristics and the light source for achieving good 
regrowth of Ag NDs, the new technique presented here overcomes the size limitation 
of using a single light source as reported in the previous method and readily produces 
a wide range of Ag ND sizes with LSPR anywhere between 490 nm and 660 nm 
through the use of 500 nm LED. This greatly simplifies the Ag ND synthesis 
procedures, and therefore favors practical implementation. 
(b) 
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3.6 Summary 
In summary, a systematic study on size-controlled photochemical synthesis of 
silver nanodecahedrons (NDs) has been presented, and the roles of chemicals and 
light sources in the growth process have been discussed. Two pathways have been 
developed for preparing silver nanodecahedrons of various sizes. The first approach is 
a seed-mediated plasmon-driven method, in which proper ratio of silver 
nanodecahderon seeds and small size silver nanoparticles solutions, which served as 
precursor, are exposed to an LED with illumination wavelength that matches with the 
LSPR peak of the silver ND seeds. Uniform silver nanodecahedrons (NDs) with 
major localized surface plasmon resonance (LSPR) ranging from 489 ~ 590 nm can 
be synthesized. The second approach involves the use of centrifugation to purify the 
silver nanodecahedrons prepared from sodium citrate/silver nitrate mixture with 
proper ratio. These Ag NDs can be used as the seed solution for further regrowth to 
produce large Ag NDs. A broad range of Ag NDs with LSPR peaks in the region of 
490 - 660 nm can be produced by the seed-mediated method, where we use silver 
cations directly as silver source and a 500 nm LED as the light source for regrowth. 
Ag NDs with LSPR below 480 nm can be produced by oxidation using H2O2. These 
uniform Ag NDs with a broad range of sizes are suitable for bioimaging and 
biosensing applications. 
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Chapter 4. SERS assessment of silver nanodecahedrons and 
their application for sensitive detection based on SERS 
4.1 Introduction 
Surface enhanced Raman scattering (SERS) has been studied extensively in 
many areas of physics, chemistry, colloid science, plasmonics, technology, 
engineering, and biology since the discovery in 1974. [264] Applications based on 
SERS have been under intense investigation in recent years. [205, 265-269] Also, 
colloidal metal nanoparticles of controllable shapes and sizes, [135, 138, 140, 162, 
166, 270, 271] and metal nanostructures on solid substrates [16, 272, 273] are the 
most popular options for the application of SERS. While fluorescence is still a 
dominant signal reporting agent for a number of bio-detection applications including 
clinical diagnostics, drug discovery, food safety and environmental monitoring, SERS 
has been reported to be a promising alternative because of the abundance of Raman 
reporting tags with good bio-compatibility and amplified sensitivity associated with 
localized field enhancement. [274-278] Typical SERS tags are made from coating 
organic Raman reporters on inorganic noble metal nanoparticles (NPs). If properly 
engineered, these NP composites are chemically stable and may be readily 
functionalized with biomolecular species. In order to achieve high Raman intensity 
from the SERS tag through the use of hot-spots between nanoparticles, silver or gold 
nanoaggregations [279, 280] and polymer or silica microspheres assembled with 
noble metal nanoparticles [281-283] have been investigated. However, such schemes 
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have the drawback of resulting in large size SERS tags, typically in the micrometer 
scale. Furthermore, it is difficult to control the degree of aggregation and the quantity 
of metal nanoparticles in each composite aggregate, which results in highly variable 
Raman signal strength and consequently impedes the possibility of quantitative 
bio-detection. On the other hand, the prospect of using single NP based SERS tags for 
high sensitivity bio-detection is limited because the nanoparticle alone provides 
relatively low electric field enhancement. It is well known that silver is a better choice 
than gold in terms of field enhancement because of its lower loss. However, 
conventional silver nanoparticles only offer LSPR peaks in the UV-blue region. This 
makes it not ideal for typical Raman detections which are performed with laser lines 
at 488 nm, 514 nm and 633 nm. Moreover, silver nanoparticles without surface 
protection are prone to oxidation and aggregation. [284] 
In this chapter, we compare the SERS characteristics of silver nanodehedrons of 
various sizes and other noble nanoparticles in section 4.2. Silica coated SERS tags 
with silver ND as cores are discussed in section 4.3. Solid chips with their surface 
modified by silver nanodecahedrons for low concentration molecular detection and 
simulation on the optical properties of silver NDs/dielectric/gold film/substrate 
geometry are presented in section 4.4. 
4.2 Investigation on SERS of silver NDs and other nanoparticles 
As depicted in chapter 3, silver NDs have two distinct peaks in their extinction 
spectra, which are associated with the longitudinal and transverse dipole mode of Ag 
NDs, as shown in figure 4-1 through FDTD simulation. Because of their sharp tips, 
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silver NDs show quite strong electric field enhancement, especially around the tip 
region, under dipole irradiation. Hence, silver NDs hold the potential for SERS 
applications.  
 
Figure 4-1 FDTD simulation results of electric field distribution around a 50 nm edge length 
silver nanodecahedron irradiated by 540 nm light of unit amplitude with electric polarization 
parallel with (a) longitudinal and (b) transverse of silver nanodecahedron. k is the direction of 
irradiation light. 
In order to assess the SERS enhancement factor, four different sizes silver NDs 
binding with a monolayer of Raman reporter are used for characterization. In a 
standard procedure, 100 μL Ag NDs colloid after two times centrifugation wash was 
mixed with 900 μL 0.1mM 4-Methylbenzenethiol (4-MBT) solution in ethanol for 1 
hour. Then 10 μL of the mixture was transferred to the surface of a silicon substrate 
and left to dry. The substrate was then rinsed by ethanol thoroughly to remove any 
unbounded 4-MBT. SERS measurement of single ND was conducted immediately 
after sample preparation. Normal Raman spectroscopy was measured with solution of 
(b) 
(a) 
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14 mM 4-MBT in NaOH (~ 6 M) for the calculation of average enhancement factor 
(EF) of the single AgND. SERS spectra were recorded using a Renishaw inVia 
confocal Raman spectrometer coupled to a Leica microscope. Backscattered photons 
were collected using a 100× objective (NA = 0.85). The 514-nm excitation source was 
obtained from an argon laser. The scattering spectra were recorded in the range of 
550-2000 cm-1. Except for the normal Raman spectrum of 4-MBT, which required 20 
mW and 30 s, typical accumulation time was 10 s per data point, and laser power was 
1 mW. 
Figure 4-2 shows the SERS spectra measured separately from individual samples 
of silver NDs whose extinction peaks are 489, 522, 550 and 590 nm. Each spectrum is 
obtained by averaging the spectra of 20 different sites. Majority of the Raman peaks 
are associated with different vibration modes of 4-MBT. [285, 286] The silicon 
substrate also contributes a broad peak in the 900-1000 cm-1 region. In order to 
establish the correlation between the size of the silver NDs and their SERS 
enhancement factor (EF), the amplitudes of two characteristic peaks of 4-MBT at 
1077 cm-1 and 1581 cm-1 are monitored. The method for calculating the average EF of 
single silver ND we adopted the equation: average EF = (Isers × Nbulk) / (Ibulk × Nsers), 
where Isers and Ibulk are respectively the average area of the Raman peak of interest in 
the 20 SERS and the same Raman peak area in bulk spectra. Nsers and Nbulk refer to the 
number of molecules on a single silver ND and in the focal volume of the 14 mM 
4-MBT solution, where we assume the footprint of a single 4-MBT molecule on the 
silver surface is 0.19 nm2, [287] and the focal volume of our Raman system is 
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measured to be 10 fL according to ref. [288]. The average EFs our silver NDs 
possessing different extinction peaks are shown in table 4-1. Silver NDs with 
extinction peak at 522 nm provides the largest enhancement for both Raman bands, 
while ND with 580 nm peak provides comparatively lower enhancement. This is due 
to a mismatch between the extinction peak and the Raman excitation laser wavelength 
(514 nm). When the irradiation wavelength from the source coincides with the 
resonance peak, the electric field around the silver nanoparticle under is much 
stronger. Since the tunability of the present approach that can provide Ag NDs with 
extinction peaks anywhere in the range of 489-590 nm, one can always achieve an 
optimal EF situation for any given Raman excitation wavelength. 
 
Figure 4-2 SERS spectra of individual silver ND samples whose extinction peak are at 489, 522, 
550 and 580 nm. Dotted rectangle region is the enlarged region of spectra within 1537~1606 cm-1. 
Extinction peak (nm) Average EF (1077cm-1) Average EF (1581cm-1) 
489 7.66×105 1.64×106 
522 1.34×106 3.87×106 
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550 5.77×105 1.67×106 
580 1.77×105 3.79×105 
Table 4-1 Summary of calculated average EFs of different sizes silver NDs at 1077 cm-1 and 1581 cm-1 
band. 
In order to further highlight the merits of using Ag NDs for SERS, another three 
control samples consist of two different sizes of silver nanoprisms and one gold 
nanoparticles were used in a Raman spectroscopy experiment in which their SERS 
capabilities were compared. Silver nanoprism a and nanoprisms b were prepared 
using a photochemical method described in ref. [289]. Gold nanoparticles were 
prepared using a classic citrate reduction technique. [290] All the four samples had 
their nanoparticles concentration adjusted so that their major extinction peaks were of 
the same magnitudes. The results are shown in the left inset of figure 4-3. Same 
volume of the four colloids were mixed with four identical 4-MBA samples with 
concentration at 3.75×10-5 M. 785 nm laser from a Deltanu ExamineR modular 
system mounted on a Nikon inverted microscope was used to irradiate the samples 
which took the form of liquid drops on a glass substrate, and the Raman signals were 
collected using a ×20 objective. Raman spectra of the four samples shown in figure 
4-3 reveal that Ag NDs produced by far the strongest SERS signal compared the other 
three samples. Both of the two nanoprism samples show similar Raman signal 
intensity, while the Raman signal obtained from gold nanoparticles is almost buried 
by noise. Using the area of the 1076 cm-1 peak, SERS signal coming from the Ag NDs 
is 22~28 times stronger than the two samples containing silver nanoprisms and 255 
times for the case of gold nanoparticles.  
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Figure 4-3 Raman spectra gotten from four nanoparticles solutions containing same amount of 4-MBA 
molecules. The left inset figure is extinction spectra of the four colloids. 
We use a 785 nm laser for the excitation of the Raman spectrum. The emission 
wavelength is far away from their extinction peaks of the four samples, in order to 
eliminate the addition enhancement brought by resonance SERS. Despite that the 
excitation source is not completely matched to the extinction peaks of the 
nanoparticles, our results reveal that silver NDs do produce much larger SERS 
enhancement than the other three nanopartilces. Simulated electric field distributions 
(Lumerical FDTD solution) of the four nanoparticles at resonant excitation are shown 
in figure. The present results, i.e. silver nanodecahedrons showing the largest field 
enhancement over other three samples, is consistent with our experimental data. 
Because of dissipative losses in the material, gold nanospheres produce the least field 
enhancement among the four types and the weakest SERS signal. While silver 
nanoprism_b produces a field enhancement similar to that of silver nanodecahedron, 
experimentally prepared silver nanoprisms have truncated tips, which are different 
from those used in our simulation studies, and the electric field enhancement from 
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real nanoprisms should be smaller than that observed from simulation. Furthermore, 
the dipolar resonance mode of Ag ND involves five sharp tips and ten sharp edges, 
which means that such resonance is much easier to excite than the case of silver 
nanoprisms, which only has three tips and three edges because of their relatively 
higher anisotropic shape. In conclusion, our Ag NDs have been experimentally and 
theoretically proven to show good SERS performance. They should be an excellent 
candidate for high intensity SERS tags. 
 
Figure 4-4 Simulated electric field enhancement around (a) gold nanosphere, (b) silver 
nanodecahedron, (c) silver nanoprism_a and (d) silver nanoprism_b at 785 nm. 
4.3 Silica coated SERS tags with silver NDs as the core 
With the objective to address the aforementioned issues, we report herein our 
study on silver nanodecahedrons (Ag NDs), which have been shown previously to 
provide ~ 106 SERS average enhancement factor (EF) for each reporter molecule on 
the surface because of their sharp tips and edges. [263] In fact, proper choice of Ag 
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NDs with LSPR located somewhere between the laser line and Raman scattering 
wavelength can provide stronger Raman signal because LSP in the Ag NDs can 
enhance both the incident and scattering fields. [291, 292] Here, we propose to use Ag 
NDs as the core of SERS tags. The aim is to achieve highly sensitive immunoassays 
with broadly tunable Raman excitation wavelengths. Success of the proposed Ag ND 
approach depends crucially on the control of physical properties including the 
intensity and location of the LSPR peaks, and uniformity of the nanoparticles. 
Reported efforts on the synthesis of SERS tags has been mainly based on coating a 
layer of Raman reporter molecules on the nanoparticles surface, followed by the 
addition of a silica or organic coating for further bio-conjugation or other functional 
applications. In the former cases, silver or gold nanoparticles modified with Raman 
reporter molecules are subjected to further surface treatment by 
(3-aminopropyl)trimethoxysilane (APTMS), (3-mercaptopropyl)trimethoxysilane 
(MPTMS) or poly(ethylene glycol) methyl ether thiol (mPEG-SH) in order to 
promote the formation of silica coating. [206, 293, 294] While this method may have 
the drawbacks of reducing the concentration of Raman molecules attached to the 
nanoparticle surface which consequently weakens the Raman intensity, and also 
increased variability of SERS signal due to the lack of precise control on the position 
of Raman molecule on the nanoparticle surface, we have found a method to solve 
these two problems through the use of self-assembled molecular (SAM) layers. 
Multiple layers of polyelectrolyte involving PAH and PSS have been applied to Ag 
ND surface before the final silica coating step which includes a PVP treatment 
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followed by mixing with an ethanol-water (4:1 in volume) solution with the addition 
of a proper amount of NH4OH and TEOS. 
Silica coating on the nanoparticles surface, on one hand, can provide a protective 
layer against chemical modifications and for further functionalization. On the other 
hand, the electric field around the silver NDs surface can be slightly enhanced after 
silica coating. FDTD simulation method was used to observe the electric field change 
around the silica coated silver ND with 50 nm edge length (silica shell thickness ~ 40 
nm). A point monitor is placed at the same position, which is 1 nm away from one 
decahedron tip, for both ND and ND/silica, and electric field enhancements are 
plotted under different excitation wavelengths. As shown in figure 4-5, the largest 
enhancement factor for silver ND is about 100 when under about 530 nm dipolar 
irradiation. While the largest enhancement factor for silver ND/silica are acquired at 
irradiation of 560 nm, and the value is nearly 0.5 time stronger than that from bare 
silver ND. This result indicates that silica layer can improve the trapping of incident 
light and increase the electric field enhancement factor around the particle surface. 
 
Figure 4-5 Simulated electric field enhancement around silver nanodecahedron (50 nm in edge length) 
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before and after about 40nm silica shell coating. The black and red lines are the fitted enhancement 
factor curves for each. 
Two kinds of Raman reporters (4-ATP and 4-MBA) were used in our 
experiments for the formation of silica coated Ag ND-SERS tags. Firstly, 4 mL of Ag 
ND solution with LSPR at about 510 nm was centrifuged, and the sediment was 
dispersed in 2 mL DI water. Then the 2 mL Ag ND solution was added drop-wise into 
4 mL of 4-ATP aqueous solution (0.5 mM) under vigorous stirring and left steadily for 
30 minutes. This procedure resulted in the formation of self-assembled monolayer 
(SAM) of 4-ATP molecules on the Ag ND surface. The modified Ag ND solution was 
centrifuged twice at 5000 rpm for 30 minutes to remove unbounded 4-ATP molecules 
and the precipitate was re-dispersed in 2 mL of DI water. The 2 ml Ag ND solution 
was added drop-wise to 4 mL of PSS (2 g/L, 6 mM NaCl) aqueous solution under 
vigorous stirring. After 3 hours continuous stirring, the solution was centrifuged twice 
at 5000 rpm, to remove excess polyelectrolyte, and re-dispersed in 2 mL of DI water. 
Thereafter, the solution was added drop-wise to 4 mL of PAH (2 g/L, 6 mM NaCl) 
aqueous solution under vigorous stirring. Stirring was continued for another 3 hours, 
centrifuged twice at 5000 rpm, to eliminate excess PAH, and re-dispersed in 2 mL DI 
water. The 2 mL 4-ATP/PSS/PAH coated Ag ND solution was mixed with 4 mL of 
PVP (4 g/L) aqueous solution and stirred for 12 hours. The mixture was centrifuged at 
5000 rpm, the clear supernatant discarded and the precipitate re-dispersed in 1 mL of 
water. The aqueous dispersion of PVP coated Ag ND solution was added to 4 mL of 
ethanol drop-wise and under vigorous stirring. Then 0.06 mL of ammonia solution 
(30-33% in water) was added under vigorous stirring and immediately 0.02 mL of a 
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solution of TEOS in ethanol (1 vol. % of TEOS) was added under gentle stirring. The 
reaction mixture was allowed to react for 2 h. Then, 4-ATP modified silica coated 
SERS tags were collected by centrifugation. 
For the synthesis of 4-MBA modified silica SERS tags, a similar method was 
adopted, except PAH was used to coat 4-MBA SAM modified Ag NDs as the first 
polyelectrolyte layer. Then, another three layer of PSS, PAH and PVP were coated 
sequentially on the Ag NDs. Finally, silica coating was realized after transferring the 
nanoparticles into an ethanol-water mixture followed by adding suitable amounts of 
ammonia solution and TEOS. 
 
Scheme 4-1 Synthesis processes of silica coated SERS tags based on silver nanodecahedrons. 
The proposed procedure is depicted in scheme 4-1. Two Raman tag molecules 
(4-ATP and 4-MBA) are used here to demonstrate the synthesis of Ag ND-SERS tags. 
Silver nanodecahedrons colloids with LSPR at 510 nm are added to 4-APT or 4-MBA 
solution with adequate quantity of molecules. This promotes the formation of SAM 
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on Ag ND because of a strong bonding between thiol group and silver atom. Once Ag 
ND colloid is added to the Raman reporter solution, the colors of both solutions 
undergo red-shift. The surface of Ag NDs becomes modified by –NH2 or –COOH 
groups, thus making the surface positively or negatively charged respectively. PSS 
and PAH are separately used for the first coating layer on the –NH2 and –COOH 
terminated Ag ND surface because of electrostatic interactions. The outer layer of the 
treated Ag NDs should be PAH in order to ensure proper enclosure of the PVP, which 
has slightly negative charge [295] and acts as an interlayer for silica coating 
deposition. Finally, NH4OH and TEOS are added to the mixture for the formation of a 
silica layer. The thickness can be tuned by adjusting the amount of TEOS. TEM 
images of our silica coated Ag ND-SERS tags are shown in the inset of figure 4-6. 
The top three core-shell nanoparticles are 4-ATP modified SERS tags while the 
bottom three are 4-MBA modified SERS tags. 
Finally, Raman spectra shown in figure 4-6 (a) and (b) are typical ones obtained 
from 4-ATP and 4-MBA modified SERS tags. As marked on the Raman spectrum of 
4-ATP, the peaks at 1007 cm-1, 1079 cm-1, 1183 cm-1 and 1585 cm-1 (marked with red) 
are attributed to the a1 mode of 4-ATP molecules while 1142 cm-1, 1389 cm-1 and 
1433 cm-1 (marked with blue) are from the b2 mode of 4-ATP. The other two peaks, 
1491 cm-1 and 1648 cm-1 (marked with black), are not well studied yet and there exists 
very few published data related to these two modes. Nonetheless, similar peaks also 
appear in SERS of 4-ATP modified gold nanorods when placed in an acidic 
environment. [296] Moreover, Sun’s simulation result indicates that four peaks 1039 
Chapter 4. SERS assessment of silver nanodecahedrons and their application for sensitive 
detection based on SERS 
- 91 - 
 
cm-1, 1132 cm-1, 1483 cm-1 and 1627 cm-1 will appear upon protonation of 4-ATP 
adsorbed silver nanoparticles. [297] Based on these experimental and simulation 
results, we can conclude that 1491 cm-1 and 1648 cm-1 are caused by protonation of 
4-ATP in our experiment, thus providing strong evidence to indicate that 4-ATP in the 
Ag ND-SERS tags are protonated. This also suggests that 4-ATP is positively charged 
and is expected to enhance strong electrostatic interaction with PSS. 
 
Figure 4-6 Raman spectra of (a) 4-ATP and (b) 4-MBA modified SERS tags. Insets are the TEM 
images of 4-ATP (top three) and 4-MBA modified SERS tags (bottom three). 
The Raman spectrum obtained from 4-MBA modified Ag ND-SERS tags (see fig. 
6(b)) looks similar to that reported in ref. [298], where 4-MBA has been attached to 
silver nanoparticles at pH ~ 12.3. The two strong bands at 1078 cm-1 and 1586 cm-1 
are assigned to ν8a and ν12 aromatic ring vibrations respectively. While the bands at 
849 cm-1, 1425 cm-1 and a broad band 1470 ~ 1495 cm-1 (marked with red) are due to 
δ(COO-), the surface-bound COO- groups and non-bonded COO- groups of the more 
vertically oriented 4-MBA molecules. The band at 1707 cm-1 (marked with blue) is 
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assigned to C=O stretching vibrations of non-dissociated COOH groups. [299] 
However, the Raman intensity brought by COO- groups is much stronger than brought 
by COOH groups, which reveals that most carboxylic acid groups of 4-MBA in SERS 
tags present in COO- forms. Consequently, PAH may readily bond to the 4-MBA 
modified Ag NDs through electrostatic interaction. 
 
Figure 4-7 Stability of the silica coated SERS tags in phosphate buffered saline (PBS) (10mM, 
136mM NaCl, 2.7mM KCl, pH 7.4), tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) 
(1~ 1.5 M, pH 6.8, 7 and 8.8), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 
(10mM, 140mM NaCl, 5mM KCl, pH 7.4) buffer solutions and NaCl (1 M) solution. 
Indeed, apart from 4-ATP and 4-MBA, any molecule containing thiol, disulfide, 
isothiocyanate or benzotriazole groups and possess strong signatures may act as the 
Raman reporter constituent in our Ag ND-SERS tags. The synthesis route similar to 
those reported herein. A wide variety of sensitive multiplexed bio-detection and 
immunoassay applications may be contemplated. Finally, the stability of the silica 
coated SERS tags are performed by dispersing them into the conventional buffer 
solutions. Figure 4-7 is the extinction spectra of the solutions after 6 hours incubation. 
Because of the passivation of silica coating, the SERS tags are quite stable in these 
buffer solutions, and no obvious oxidation and aggregation happen even in the high 
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concentration salt solution. 
4.4 Silver nanodecahedrons for biosensing 
Silver nanodecahedrons assembled on solid silicon wafer are also investigated 
for low concentration molecular detection. Typically, the silicon substrates with 300 
nm silica layer (0.5cm×1cm) were washed in ultrasound with acetone and isopropanol. 
After dried, the silicon substrates were further cleaned with a piranha solution 
(H2O2:H2SO4=1:3, v/v) for 1 hour and rinsed with great amount of distilled water. The 
clean substrates were then immersed into an APTMS methanol solution (3% in 
volume) for 12 hours in 4 ℃, which will make the substrates amine functionalized. 
These modified plates were rinsed with methanol in order to remove the unbounded 
APTMS from the substrate and dried at 110 ℃ for 10 minutes. Finally, these amine 
groups modified substrates were sequentially immersed in silver NDs colloids 
(extinction peak ~ 540 nm), which would induce the formation of silver NDs 
monolayer on the substrates because of the strong force between amine group and 
silver atom. Five 50 µL 4-ATP solutions with different concentrations were deposited 
on the silver NDs modified substrates, and the samples were allowed to dry before 
Raman spectra characterization was conducted.  
As shown in the optical microscope image in figure 4-8 (a), silver NDs dispersed 
on the silicon substrate are quite uniform in large scale. A 785 nm laser was used as 
the excitation source and the Raman signals were collected through a ×20 objective. 
The Raman spectra of the five samples as shown in figure 4-8 (b) indicate that 4-ATP 
with concentration above 10-6 M can be easily detected because of their strong signal 
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level. The Raman peaks at 521 cm-1 are due to the silicon substrate. Raman spectrum 
still performs distinct peaks of 4-ATP molecule when the concentration is about 10-8 
M. 
 
Figure 4-8 (a) Optical microscope image of silver nanodecahedrons modified silicon substrate and 
(b) Raman spectra gotten from different concentrations of 4-ATP on substrate. The scale bar in the 
figure is 20 μm. 
Comparing to the geometry of silver NDs directly placing on silicon substrate, 
silver ND/dielectric spacer/gold film/substrate geometry may provide larger field 
enhancement around the silver ND. Here, we show our simulation results obtained 
using Lumerical FDTD solution software. Figure 4-9 shows the configuration used in 
our simulation, where the silica film varies between 5 nm and 35 nm and the 
refractive index is 1.5, while the gold film thickness is kept at 50 nm. Because of the 
unique geometry of silver ND, it is naturally most stable for silver ND to have its 
triangular face lying flat on the substrate surface as shown in figure 4-8. The 
environment above this structure is air (n ~ 1). Two orthogonal polarization with 
electric field along x and y light sources irradiate the silver ND (the edge length is 50 
nm) from the top along the z direction. Their extinction spectra and the electric field 
(a) (b) 
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enhancement distribution around the silver ND are calculated. 
 
Figure 4-9 Silver ND/dielectric spacer/gold film/substrate geometry used in FDTD simulation. 
Figure 4-10 shows the extinction spectra of bare silver ND in air and in the silver 
ND/dielectric spacer/gold film/substrate geometry under illumination of light sources 
with polarization along x-axis. The black dashed line is the extinction spectrum of 
silver ND, whose position relative to the light irradiation direction is kept the same as 
the silver ND in figure 4-9. As shown in the extinction spectrum, the major peak at 
429 nm due to the longitudinal dipolar resonance appears. Large electric field 
enhancement occurs at the tip and the edge area as evidence shown in figure 4-11 
from the xy- and xz-plane. Obviously, the optical property of silver ND will be greatly 
changed when it sits on a solid substrate. On one hand, its longitudinal dipolar 
resonance peak red-shifts to around 478 nm because of the dielectric environment 
change brought by the silica substrate. Two relative high energy peaks at 417 nm and 
435 nm, which are due to scattering from the edge and tip respectively as electric field 
distribution on xy-plane shown in figure 4-12. [300] On the other hand, the 
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introduction of the gold film below the silver ND will further modify its optical 
properties, and their spectra vary with the silica spacer thickness or the distance 
between silver ND and gold film. The introduction of the gold layer provides an 
image of the above silver ND, which strongly interacts with the ND and generate 
another resonance mode at a longer wavelength. This resonance peak experiences 
red-shift with decreasing silica spacer thickness, and the peak shifts to 625 nm when a 
5 nm silica spacer is present. While the magnitude of their dipolar resonance mode at 
around 478 nm is suppressed with the decrease of the dielectric spacer layer thickness, 
and the resonance mode derived from the interaction between ND and its image 
prevails in the extinction, especially when the silica layer is decreased to several 
nanometers. As the electric field distribution plotted in figure 4-13 (a) and (b), most of 
the light energy is concentrated in the silica layer and giant electric field enhancement 
can be achieved at the edge and ridge areas on the silver ND. Finally, a charge 
distribution graph is proposed in figure 4-13 (c), where the charges are mainly 
dispersed on the ridge and edge of the ND and its image. 
 
Figure 4-10 Simulated extinction spectra of silver ND and silver ND/dielectric spacer/gold 
film/substrate geometry under x-polarized light irradiation. 
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Figure 4-11 Electric field distributions of silver ND on (a) xy- and (b) xz-planes at dipolar 
resonance (429 nm). 
   
Figure 4-12 Electric field distributions along xy-plane upon receiving illumination at (a) 417 nm 
and (b) 435 nm light irradiation when silver ND standing on a silica substrate. 
  
 
Figure 4-13 Electric field distributions of (a) xy- and (b) xz-plane of silver ND/dielectric 
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present. (c) Proposed charge distribution on silver ND and its image. 
Similarly, the simulated extinction of silver ND in air under y-polarized light 
illumination as shown in figure 4-14 is also dominated by one major peak at 435 nm. 
However, the peak is slightly broadened and its magnitude is higher than the one 
gotten from x-polarized light. Those phenomena could be the consequence that more 
edge and tip are involved in the dipolar resonance comparing to the case under 
x-polarized light illumination, where only one tip and one edge participate. As images 
shown in figure 4-15, which are the electric field distributions around the silver ND in 
the xy- and yz-plane, all of the four tips along the y-axis direction show relatively 
large electric field enhancement. Its resonance peak breaks into two peaks when a 
silica substrate is placed below the silver ND. One peak at about 437 nm which can be 
derived from the dipolar resonance between the two tips above the silica substrate 
along y direction, and no large variation of this resonance peak happens even at 
different silica thickness. Another peak at about 485 nm may be due to the dipolar 
resonance between the tips close to the silica surface, and the magnitude of this peak 
would be weakened with the decreasing silica layer between silver ND and gold film. 
Figure 4-16 (a) and (b) is the electric field distributions on yz- and xy-plane under 429 
nm and 485 nm light exposure separately. While the interaction between silver ND 
and its image in gold film will bring in a new resonance peaks at longer wavelength. 
The peak and its magnitude will be changed according to the separation between 
silver ND and gold film. Figure 4-17 (a) and (b) shows the electric field dispersion of 
the geometry when the silica spacer is 5 nm thick, and a proposed charge distribution 
Chapter 4. SERS assessment of silver nanodecahedrons and their application for sensitive 
detection based on SERS 
- 99 - 
 
on silver ND and the corresponding image is shown in figure 4-17 (c). Most of the 
charge is generally dispersed around the two tips close to the silica surface, which 
consequently induces a strong electric field around these tips when resonance occurs.  
 
Figure 4-14 Simulated extinction spectra of silver ND and silver ND/dielectric spacer/gold 
film/substrate geometry under y-polarized irradiation. 
   
Figure 4-15 Electric field distributions of silver ND on (a) xy- and (b) yz-plane at dipolar resonance. 
  
Figure 4-16 Electric field distributions of (a) yz- and (b) xy-plane upon 429 nm and 485 nm light 
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Figure 4-17 Electric field distributions of (a) xy- and (b) yz-plane of silver ND/dielectric 
spacer/gold film/substrate geometry under 649 nm light irradiation when a 5nm silica spacer is 
present. (c) Proposed charge distribution on silver ND and its image. 
 
Figure 4-18 Electric field intensity variation with the change of silica spacer thickness under (a) 
x- and (b) y- polarized 625 nm light illumination. 
Figure 4-18 (a) and (b) are the electric field intensity collected from the same tip 
region, which is close to the silica surface, with the variation of silica spacer thickness 
under x- and y-polarized 625 nm light illumination respectively. Both of their 
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nanodecahedron and gold film. Actually, thinner silica spacer through physical 
deposition method or dielectric polyelectrolyte spacer with tunable thickness in 
nanometer scales through LBL method can be achieved experimentally. Therefore, 
broad spectrum range could be expected from this simple ND/silica/gold 
film/substrate geometry, and even larger electric field enhancement can be achieved. 
Because of the field confinement between the silver ND face and silica surface, this 
enhanced electric field could be adopted for sensitively characterization of the 
molecular information on the substrate surface base on SERS. Furthermore, as the 
extinction spectrum shows multiple resonance peaks, the performance of SERS can be 
optimized by tuning the major resonance peaks between laser and Raman wavelength 
positions. 
4.5 Summary 
In summary, Surface Enhanced Raman Scattering (SERS) of silver NDs in 
different sizes has been studied. Due to their sharp tips and edges, silver NDs provide 
up to 106 electric field enhancement, with the possibility of further increase if one 
optimizes the matching between the LSPR peak and the irradiation laser wavelength. 
A general scheme for the synthesis of silica coated Ag NDs based SERS tags for 
achieving high Raman intensities is proposed. The layer-by-layer method reported 
provides a practical route for producing silica coatings on the Ag ND-SERS tags for 
further functionalization and protection of the composite nanoparticles against 
chemical modifications. These new SERS tags may become an excellent candidate for 
“nanobarcode” applications based on Raman signatures. A wide variety of labeling 
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probes for sensitive and multiplexed immunoassay applications are contemplated. 
Finally, silver NDs modified silicon substrate has been presented for low 
concentration molecular sensing based on SERS. Simulation study on the silver 
NDs/dielectric/gold film/substrate structure indicates that its optical properties can be 
manipulated through tuning the thickness of silica layer. Relatively large electric field 
enhancement on the silica/silver ND interface occurs because of the strong interaction 
between silver ND and its image in the gold film, which may be utilized for sensitive 
detection of the molecular species on the surface.  
 
Chapter 5. Photochemical growth of Plasmonic nanostructures on solid substrate 
- 103 - 
 
Chapter 5. Photochemical growth of Plasmonic 
nanostructures on solid substrate 
5.1 Introduction 
In addition to the metal nanoparticles in suspension and metal nanoparticles 
immobilized on solid substrate, nanostructures on solid substrate are also traditionally 
used for the detection of absorbed molecules on the metal surface. Since the first 
introduction of SERS substrate through electrochemically method,[264] various 
substrates have been proposed during the recent two decades with the help of 
nanolithographic techniques, i.e. photolithography, focused ion beam (FIB) and 
electron-beam lithography (e-beam).[301-304] Because these methods can finely 
control the sizes and shapes of nanostructures on the substrates, thus provide 
reproducible SERS results from the substrates. And relative low cost methods, such as 
template technique, are also explored for nanostructures morphology control. 
Self-assembly polystyrene microspheres array has been used as mask template to 
produce periodic silver and gold nanotriangles structures.[305-307] Good SERS 
performance can be also acquired from nanostructures after metal deposition through 
anodic alumina oxide (AAO) template.[308, 309] On the hand, size-controlled silver 
nanoplates have been prepared on a clean GaAs substrate involving the galvanic 
reaction between silver nitrate and GaAs.[310, 311] And similar galvanic reaction has 
been adopted on other substrates, i.e. copper plate, copper foil and zinc foil, for silver 
plate-liked nanostructures growth.[312-314] Vertically cross-linking silver nanoplate 
arrays can also be prepared on a seed-coated ITO conducting substrate through an 
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electrochemical method.[315] Silver nanoplates have been prepared on a TiO2 film 
through UV-induced photocatalytic reduction of Ag+, and visible light was found to be 
able to remote control the growth direction of silver nanoplates, where TiO2 film 
underneath assists the electrons transportation among the nanoparticles.[316] 
As depicted in previous chapters, with the presence of small size silver or gold 
nanoparticles and citrates acting as the seeding sites and electrons donors respectively, 
the growth of silver nanoparticles in solution is driven by light irradiation. Hence, we 
believe that the same reaction can be adopted for metal nanostructures growth on 
substrate through laser irradiation. In this chapter, we would present our 
photochemical preparation of metal nanostructures on solid substrates for sensitive 
molecular detection based on SERS. In our experiments, Raman spectroscopy is also 
used for monitoring the growth of silver nanostrtures. 
5.2 Experimental 
The glass slide was cleaned with a piranha solution (H2O2:H2SO4=1:3, v/v) for 1 
hour and rinsed with great amount of distilled water. The clean substrate was then 
immersed into an APTMS methanol solution (3% in volume) for 12 hours in a 4 ℃ 
environment, which will make the substrate amine functionalized. The modified plate 
was rinsed with excess methanol in order to remove the unbound APTMS from the 
substrate and dried at 110 ℃ for 10 minutes. Finally, this amine group modified 
substrate was sequentially immersed into silver colloid (below 10 nm in diameter) for 
3 hours, which will induce the formation of silver nanoparticles layer on the glass 
substrate. In order to fabricate silver nanostructures through the reported 
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photochemical method, silver nanoparticles immobilized glass substrate was 
immersed into a growth solution containing silver nitrate (0.225 mM) and sodium 
citrate (2.5 mM) as shown in scheme 5-1. The substrate was irradiated by a laser 
beam at 633 nm through a single-slit for 4 hours. Silver nanostructures should be 
produced on the glass slide. 
 
Scheme 5-1 (a) Scheme for the photogrowth of silver nanostructures under the irradiation of 633 
nm laser through a single slit and (b) photograph of diffraction pattern obtained behind the single 
slit. 
5.3 Result and discussion 
5.3.1 Photochemical growth of silver nanostructures by laser irradiation 
through a single slit 
Figure 5-1(a) is the optical image of the pattern on glass slide after 4 hours laser 
irradiation which comprises of a large spot in the middle and two smaller spots on 
either sides. The case is similar to that of single slit diffraction pattern as shown in 
scheme 5-1(b). X-ray diffraction (XRD) was used to characterize the structure on 
glass slide. Five diffraction peaks at 38.2, 44.38, 64.5, 77.5 and 81.5 degrees are 
found as shown in the XRD pattern in figure 5-1(b), whose peaks are separately 
assigned to (111), (200), (220), (311) and (222) planes of face-centered cubic (fcc) 
(a) (b) 
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structure of silver. The relative higher intensity ratio between (111) and (200) peaks 
(about 3.6) than the intensity ratio of bulk silver (about 2.5) implies that the silver 
nanostructures are dominated by {111} planes. On the other hand, the consistence 
between the nanostructures on slide and the single slit diffraction pattern indicates that 
the growth of silver nanostructures is activated by the laser irradiation.  
 
Figure 5-1 (a) Optical image of the silver nanostructure growth from the light exposure of single 
slit diffraction, and (b) XRD pattern of the nanostructure. 
We conducted SEM characterization for region ii, iii and iv. As shown in the 
enlarged images of region ii in figure 5-2 (b) and (c), the surface is fully covered with 
silver nanoplates (30 ± 5 nm in thickness), part of which are nearly perpendicular to 
glass surface. While the density of nanoparticle in region iii is relative low in figure 
5-2 (d) and (e), and half of the nanoplates lay parallel on the glass surface. And the 
surface coverage of nanoplates as SEM images indicated in figure 5-2 (f) and (g) is 
further reduced at the boundary region iv. The deceasing light intensity from center to 
boundary of a laser spot could be attributed to the gradual decrease in size of the 
silver nanoplates. Large light intensity will promote growth speed of silver nanoplates 
from the small nanoparticles which have been previous immobilized on the glass slide. 
i 
(a) (b) 
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These observations may imply the time dependent growth process of silver 
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Figure 5-2 (a) Large scale SEM image of the silver nanostructure, and enlarged SEM images in 
(b), (c) center region ii, (d), (e) transition region iii, and (f), (g) boundary region iv. 
 
Scheme 5-2 Proposed time dependent evolution of the silver nanostructure upon light irradiation. 
Scheme 5-2 is a proposed scheme of time dependent photo-assisted growth silver 
nanostructures on glass slide. As indicated in previous chapter, silver nanoplates 
should be the favorite products grown from parallel twinned defected small silver 
nanoparticles with irradiation at wavelengths above 500 nm. Consequently, with 633 
nm laser irradiation, reduction and deposition of silver atoms along defect planes 
would have relatively higher speed because of the citrate stabilization on (111) faces 
and high energy at the defect sites, which induces the formation of nanoplates. 
However, the growth of silver nanoplates from immobilized small size nanoparticles 
would be greatly affected by the solid substrate underneath. As the immobilization of 
small size silver nanoparticles is acquired through covalent bonding between silver 
atoms and amino groups on the glass slide, the distribution of defect planes relative to 
the surface direction would be quite random as shown in scheme 5-2. Small silver 
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nanoparticles with twinned planes parallel to the glass surface will be activated with 
the present of silver nitrate and sodium citrate upon laser irradiation. Silver 
nanoparticles could quickly grow into nanoplates since there is no solid confinement 
in their growth directions along the glass surface. Consequently, the as-growth   
silver nanoplates are mainly parallel to the glass surface at the initial stage. As laser 
irradiation continues, the growth of small silver nanoparticles with twinned planes 
unparallel to glass surface are activated. Nonetheless, these silver nanoplates can only 
grow upward, while the downward growth is inhibited by the glass substrate below. 
Further irradiation on the nanostructures would enlarge the silver nanoplates and 
increase the surface coverage of silver nanostructures on the glass slide. Owing to the 
growth of silver nanoplates in various directions, fusion between silver nanoplates 
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Figure 5-3 Enlarged SEM images of the nanostructure in region i. 
We conducted SEM of the two strips close to the region of dark spots in the 
optical image shown in figure 5-1 (a). Figures 5-4 (a), (b), (c) and (d) are the enlarged 
SEM images of the silver nanostructures formed in region i, which appear to have a 
periodic charcter. The periodicity is formed to be about 2.36 μm. Interference between 
the original laser beam and a line shaped laser beam, which could be due to the 
scattering by a defect existed in the laser itself, can be attributed for the formation of 
this periodic pattern. As silver nanoplates can grow from small silver nanoparticles 
through light activation and no silver nanostructure will grow without optical 
excitation, the periodic silver nanostructures observed here will be possible. This 
interesting result further indicates that micrometer scaled plasmonics nanostructure 
can be readily prepared through this photochemical method. One should be able to 
precisely “write” any shape of active plasmonic nanostructures on a substrate. 
5.3.2 SERS characterization of silver nanostructures  
In order to characterize the field enhancement of the nanostructures, we used 
Raman spectroscopy as shown in figure 5-4 (a). Experimentally, 100 μL of 4-MBA 
aqueous solution (5×10-5 M) was dropped on the nanostructure to allow the silver 
surface modified with 4-MBA molecules. A 785 nm laser from a Deltanu ExamineR 
modular system mounted on a Nikon inverted microscope was used to excite the 
Raman tagged nanostructures. Raman signal was collected through a 20× objective 
and transferred back to the module for spectra recording. The integration time was 1 
second for each spot. Raman spectra and area integration of the 1079 cm-1 peak of ten 
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spots are plotted in figure 5-4 (b) and (c), where no obvious difference exists as 
compared to the spectra collected from the centre area. However, the Raman intensity 
collected from the spots on boundary region dramatically decreases, and nearly no 
distinct Raman spectrum of 4-MBA was detected on the tenth spot. The relatively 
high Raman intensity in the centre region may be due to the large silver surface area 
and more 4-MBA molecules attached to the surface. On the other hand, more fusions 
between silver nanoplates have happened, which may induce the formation of 
hotspots in the corners and makes the center area relatively more Raman active. 
 
Figure 5-4 (a), (b) Raman spectra acquired from the ten marked positions in the as prepared silver 
nanostructure. (c) is the plot of area integrations of 1079 cm-1 of at different positions. 
Three concentrations of 4-MBA aqueous solution were used with the 
photochemical prepared silver nanostructures for Raman characterization to evaluate 
(a) (b) 
(c) 
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their field enhancement properties. Raman spectra shown in figure 5-5, six “*” 
labeled peaks are all attributed to SERS of 4-MBA molecules on silver surface. When 
the concentration is reduced to 2×10-9 M, 4-MBA Raman peaks are still detectable, 
which confirms the high Raman activity of the silver nanostructure. The peaks labeled 
with “#” are attributed to the citrate absorbed on the metal surface. Therefore, citrate 
used as electron donor for silver cation reduction can also be selected as the Raman 
reporter to monitor the Raman activity of the nanostructure during the photochemical 
reaction. 1354 cm-1 peak is derived from the fluorescence of glass substrate under the 
irradiation of 785 nm laser. 
 
Figure 5-5 Raman spectra collected from different 4-MBA concentrations on photochemical 
prepared silver nanostructures. 
5.3.3 Observation of photochemical growth of silver nanostructures 
Actually, Raman spectroscopy can be even used to monitor the growth of silver 
nanostructures. Here, 785 nm laser was used both as energy source for silver 
nanostructure growth and excitation laser for Raman signal recording as shown in 
figure 5-6. In the experiments, a PDMS template was placed on a glass substrate 
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modified with small silver nanoparticles, which helped the formation of a small 
chamber and allow the storing of precursor for nanostructure growth. Then the 
chamber was covered with a 0.3 mm glass slide. In addition to the essential chemicals 
for silver nanostructure growth, such as silver nitrate and sodium citrate, we also 
added a small amount of 4-MBA to the precursor as the Raman reporter. Fortunately, 
this photochemical growth of silver nanostructure process was not disturbed by the 
introduction of molecules containing thiol groups. Figure 5-7 shows the 
time-dependent Raman spectra from the same spot under 785-nm laser irradiation, 
and the integration time for each spectrum was 1 second. At the start of laser 
irradiation, no clear Raman spectrum of 4-MBA molecule is observed, which 
indicates that silver nanoparticles are in relatively small size. With increasing 
irradiation on the surface, silver nanoparticles become larger, which will increase the 
surface area and the availability of hotspots in the nanostructures. Consequently, the 
Raman intensity increases dramatically. However, the Raman signal levels off even 
after prolonged laser exposure. Despite the silver nanostructure continues to grow 
under laser irradiation, the Raman intensity varies less after it has reached to the 
threshold. This may be explained by the fact that the surface coverage of silver 
nanostructures becomes comparable to the area of laser spot on the glass substrate. 
Further growth of silver nanostructure would not improve the Raman activity. Hence, 
we believe that this method could be utilized to monitor the growth of silver 
nanostructures, and the reaction can be selectively terminated when we see that the 
Raman activity has reached an optimum value. 
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Figure 5-6 A general structure for growing silver nanostructures while measuring their Raman 
activities simultaneously. 
 
Figure 5-7 Time evolution of Raman spectrum from the same spot. 
Actually, the variation of Raman intensity during a single photochemical 
synthesis process can generally reflect the growth speed of the nanostructure. Laser 
sources with different power levels have been adopted for above experiment. We plot 
the Raman intensity variation over time obtained from different power laser 
irradiation, where the Raman intensity is expressed by area integration of 1079 cm-1 
peak. As shown in figure 5-8 (a), (b), (c) and (d), results from all of the four samples 
show similar trend, i.e. the Raman intensity increases rapidly during the middle part 
of the process while slight variations at the start and near the end. The growth speed 
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of the silver nanostructures under different laser power can be characterized through 
studying the slope of the Raman intensity over time. In order to calculate the real 
growth speed, Raman intensities in the four spectra are normalized. Figure 5-8 (e) 




Figure 5-8 (a), (b), (c), (d) Time evolutional Raman intensity upon 1 mW, 3.7 mW, 9.2 mW and 
14.5 mW laser irradiations respectively. (e) Plot of the calculated silver nanostructures growth 
speeds under different laser powers. 
5.4 Summary 
Silver nanostructures on glass substrate have been prepared through a 
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material. Because of the activation of 633 nm laser, the nanostructures consisted of 
silver nanoplates which are grown from the small silver nanoprticles. Increasing 
irradiation on the silver nanostructures results in fusion between silver nanoplates, 
which make them relatively more Raman active. Experimental SERS results 
demonstrated that down to 10-9 M 4-MBA molecules can still be detected with the use 
of our photochemically prepared silver nanostructures. SEM images obtained from 
light interference pattern further indicate that our photochemical method holds the 
prospect for selected area growth of silver nanostructures. Finally, Raman 
spectroscopy has been explored to monitor the growth of silver nanostructures 
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Chapter 6. Conclusion and outlook 
In this work, we have studied the photochemical synthesis of silver colloids or 
nanostructures extensively, and their applications for surface enhanced Raman 
scattering (SERS).  
In chapter 1, an overview on the general route for preparation of shape- and 
size-controlled colloidal noble nanoparticles and several traditional simulation 
methods for their plasmonic properties have been presented. The optical properties of 
noble nanoparticles and their application in the field of biomedical science have been 
reviewed in chapter 2.  
In chapter 3, the background of photochemical synthesis of size-controlled silver 
nanodecahedrons (NDs) is presented. We discuss the roles of chemical and light 
source during the formation of silver NDs. In general, silver nitrate, sodium 
borohydride, sodium citrate and PVP are the essential compounds for preparation of 
silver NDs, where silver nitrates are rapidly reduced into silver nanoparticles by 
sodium borohydride with the presence of sodium citrate and PVP as surfactants. 
These small size silver nanoparticles can be transformed into larger size silver 
nanoparticle upon light irradiation, whose shapes are dependent on the photon 
energies of the incident light. For the formation of silver nanodecahedrons, light (465 
nm) from a blue LED is preferred in our photochemical experiments, and silver 
nanodecahedron colloid with extinction peak at 489 nm could be attained. For the 
preparation of larger size silver NDs, silver NDs could be used as seed for regrowth. 
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In addition, the light source plays a crucial role in the preparation of silver NDs if we 
use small size colloidal silver nanoparticles as precursor. We found that uniform silver 
NDs can be produced only when the LED with emission peak is close to the LSPR of 
the silver ND seeds. Otherwise, the final product will be either in broad size 
distribution or containing other shaped nanoparticles, such as nanoprisms and 
nanoplates. In our work, the oxidation property of H2O2 on silver nanoparticles hads 
been used in the preparation of silver NDs with LSPR below 489 nm. These silver 
NDs possess bicolor character, indicating their uniformity in size and strong scattering 
to visible light.  
We also found that the ratio between different crystal structures of the small size 
silver nanoparticles seeds can be tuned through changing sodium citrate/silver nitrate 
ratio, which consequently affects the productivity of silver NDs after light irradiation. 
Small silver naonoparticles prepared from proper ratio of sodium citrate/silver nitrate 
(~ 30) can help the formation of silver NDs in relatively high ratio, while reducing the 
quantity of nanoparticles of different shapes. These nanoparticles, such as nanoprims, 
nanoplates and unconsumed small silver nanoparticles, can be easily separated with 
silver NDs through centrifugation, which further purifies silver NDs in solution. 
Moreover, silver NDs can be driven to even broad size range (490 ~ 660 nm) by using 
these purified silver NDs as the seed and direct mixture of silver nitrate and sodium 
citrate as precursor, while light from a single LED (~ 500 nm in peak) used as 
activation light source. Hence, a pathway for preparation of size-controlled silver NDs 
with high purity has been presented. 
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In chapter 4, we assess the enhancement factor of silver nanodecahedrons with 
different sizes through surface enhanced Raman scattering spectra. Experimental 
results indicate that the average enhancement factor for molecules on silver NDs can 
easily reach 106. We also compare the Raman activity of silver NDs with other 
nanoparticles, such as silver nanoprisms and gold nanoparticles. Silver NDs can 
generate superior Raman signal intensity over other tested samples (respectively two 
orders and one order stronger than the signals from gold nanoparticles and silver 
nanoprisms). Silica coated silver NDs acting as SERS tags have been introduced to 
utilize their large field enhancement. Generally, Raman reporters are deposited on 
silver NDs surface in the form of a self-assembly monolayer (SAM). Several polymer 
layers are further deposited through a layer-by-layer (LBL) technique. Actually, more 
molecular species with different Raman signatures could be encapsulated in silica 
shell using similar route. Hence, highly sensitive multiplex protein or DNA sensing 
may be contemplated as shown in figure 6-1.  
 
Figure 6-1 A scheme showing the multiplex sensing of proteins based on SERS tags. 
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Silver NDs modified silicon chip has been prepared and as low as 10-8 M 
molecules in aqueous solution can be detected through SERS. In order to further 
explore the possibility of using silver NDs for molecular sensing, a silver ND/silica 
spacer/gold film/substrate geometry is proposed. Simulation results indicate that its 
optical properties can be modulated through changing of the silica spacer thickness. A 
new mode derived from the interaction between silver ND and its image in the gold 
film appears, and the resonance position red-shifts with decreasing distance between 
gold ND and gold film. The optical field can be greatly confined in the interface 
region between silver ND and silica film, which consequently leads to giant electric 
field enhancement at the interface. Electric intensities recorded from the tip area of 
silver ND at the interface show an exponential increase with decreasing silica spacer 
thickness. Therefore, we believe that such scheme can hold application in SERS. 
Single molecule detection may be anticipated through such simple geometry.  
In chapter 5, we explore the preparation of silver nanostructures on solid 
substrate through a photochemical method. Because of the activation of 633 nm laser 
irradiation, silver nanostructures comprise of silver nanoplates may emerge from 
small silver nanoparticle previously attached on the glass substrate. A scheme on 
silver nanostructure evolution has been proposed. This silver nanostructure also 
possesses quite high Raman activity and the molecular detection limitation has been 
lowered to 10-9 M. According to the nanostructure pattern produced on glass surface 
whose period is about several micrometers, we believe this photochemical method can 
be used for preparing micrometer cluster of silver nanostructures. Finally, Raman 
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spectroscopy has been explored for monitoring the growth of silver nanostructures 
and the formation of SERS hotspots.  
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